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Calculations of Electronic Potential 
Fnergy Surfaces
It is ordinarily possible to simplify the treatment of the 
dynamics of a general polyatomic system by first considering only 
the electronic motions, for all possible configurations of 
artificially fixed nuclei. Any particular electronic eigenvalue, 
qs a function of nuclear geometry, then constitutes an effective 
potential energy surface, which governs the nuclear motion.
The calculation of potential energy surfaces for practical 
systems represents a major quantum mechanical undertaking which 
in general becomes tractable only within a framework of approximation 
and semi empiricism.
The major part of this thesis describes calculations developed 
to estimate the lower lying potential surfaces for the reactive 
system K + NaCl ~ KC1 +• Na. A model treatment is developed and 
discussed in detail. Essentially the problem is reduced to the 
consideration of the motion of a single electron in the fields of 
the closed shell ions Na^ Kf and 01*. There is good evidence 
that these ions can be treated as classical polarisable charged 
spheres in their longer range electrostatic Interactions and also 
that their structures are not seriously modified by the presence of 
the single valence electron. The electronic eigenfunction is 
expanded in terms of a basis set of alkali atom valence s and p-orbitals 
The most difficult problem is the evaluation of certain close range
interactions between the electron and the ions and this matter is 
discussed in detail. The electronic problem is first solved in 
neglect of the polarisation of the ion cores and this latter effect 
is afterwards Introduced, resulting in a first order perturbation 
correction to the energy surfaces. Empirical evidence used consists 
of values for ionic polarisabilities and radii, together with 
experimental ionisation potentials.
A suitably reduced version of this model is applied to the 
calculation of potential curves for the diatomic ions hag , Kg* 
and NaK** and yields encouragingly close agreement with experimentally 
observed properties.
The results for the complete system are presented and discussed. 
The reaction exothermlcity Is slightly overestimated. There is 
no calculated activation barrier, the reaction appearing to conform 
to the f,early downhill” classification. A potential well indicates 
that, If the excess energy were removed, a triangular complex molecul 
could be formed, some 13 Kcal more stable than the product.
Finally there appears to be some qualitative evidence that highly 
energetic collisions of the reactants may lead to electronically 
excited product atoms, a phenomenon observed experimentally for the 
reaction Na+ KBr * NaBr -*-K.
The shorter second part of the thesis presents an estimate 
of the Jahn-Teller effect in rhenium hexafluoride. This effect 
arises from the coupling between electronic and nuclear motions
when two or more potential surfaces have the same energy in a 
non linear symmetrical configuration. In such cases the degeneracy 
is relieved by certain vibrational displacements, leading to a 
distortion in the equilibrium geometry and a complication of the 
vibrational spectrum. In rhenium hexafluoride it is assumed that 
this effect arises from a purely electrostatic Interaction between 
the fluorine atoms and the non-bonding 5d rhenium electron in 
a degenerate. r8 state arising from strong spin orbit coupling of 
the tgg configuration. The electrostatic potential of a fluorine 
atom is taken as that of a fluoride ion less some variable fraction 
of an electron, depending on bond ionicity, taken from a hybrid 
orbital directed towards the central rhenium atom. The rhenium 
5d orbital is taken of Slater form with variable exponent. The 
results, which depend essentially 011 the potential surface gradients 
in the octahedral configuration are relatively insensitive to 
physically reasonable choices of chese parameters. A large splitting 
in the V2 band of the Raman spectrum is predicted, in good order 
of magnitude agreement with experiment. There is a corresponding 
very small distortion of the molecular geometry calculated, probably 
in a tetragonal sense.
iPreface
The major section of this thesis, Part I, gives an 
account of a calculation of electronic potential energy 
surfaces for the reaction K +  NaCl- KCl-^Na. A model is 
developed at length which considers basically the motion 
of a single valence electron in the fields of the three ions 
Na* Cl, and which, when applied to the calculation of 
potential curves for the diatomic ions Na^, K^, and NaK+, 
gives very satisfactory agreement with experiment. The 
most interesting predictions arising from the calculated 
results for the system K+ NaCl are that there is no 
activation barrier to reaction, that, on the contrary, the 
reaction complex NaKCl is over 10 Kcal/mole more stable 
than the products, and that under normal conditions an 
essentially adiabatic mechanism should apply.
Part II is devoted to a calculation of the magnitude 
of the Jahn-Teller effect in ReFg, assuming that it 
arises from a purely electrostatic interaction between 
the single Re non-bonding t2g electron and the fluorine 
atoms. The results, in addition to suggesting a small 
(^0.005A) tetragonal distortion in the equilibrium 
geometry of the molecule, give order of magnitude 
agreement with the experimentally observed splitting
(■*'170 cm”*) in the U)o hand of the vibrational spectrum.
This account describes original work carried 
through in pursuit of the degree of Ph. D. in the 
University of G-lasgow. Although a small pilot 
calculation on the subject of Part II was performed 
in partial fulfillment of the requirements of the 
degree of B# Sc., the work recorded here constitutes 
a very considerable expansion and amplification of 
the earlier probe.
June 1967. Alan C. Roach.
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1Introduction
In the study of the properties of a general chemical 
system, composed of several nuclei and electrons, it is 
usually possible for the problem to be divided conveniently 
into two parts by taking advantage of the relative 
lightness and mobility of the electrons. In a quantum 
mechanical treatment the many particle hamiltonian, in 
neglect of small spin and magnetic effects, may be written 
in the form
where the successive terms represent the nuclear and 
electronic kinetic energy operators, and the total potential 
energy arising from the coulomb interaction between every
momentum operators and and m are the respective particle 
masses. Grouping the latter two terms together, and 
collectively representing nuclear coordinates by R and 
electronic coordinates by r, (1) may be rewritten:
(1)
pair of particles. are nuclear and electronic
(2)
where is the ,felectronicu hamiltonian.
electronic wavefunctions at fixed R, are chosen
The
to satisfy the Schrodinger equation
2and u n(e.) is the corresponding electronic energy.
The eigenvalues U  ^and the normalised eigenfunctions 
depend, parametrically on and v^ry continuously with R. 
Since the always constitute a complete orthonormal 
set of functions over the electronic coordinates, it is 
possible to write the wavefunction for the total system 
in the form:
-  r  K ( A )  % ( + ; £ ) ,  (4)
where the ^  depend only on the nuclear coordinates. 
Substituting into the full Schrodinger equation, 
multiplying by and integrating over the electronic 
coordinates, using (3), coupled equations of the 
follOY/ing type result for the ^  :
where, as is always possible, the have been chosen to
be real, so that j*Vj* ^ * 0 -
It can be shown that the electronic integrals
involving the nuclear momentum operators are ordinarily
of the relative order of the square root of the ratio of
(12)the electronic to the nuclear mass. 9 i\ieglect of
these terms leads to the adiabatic approximation:
[ l &  + u j « ) ] K ( z ) - E  K(t).
* 2M, (6)
3For a system in the state the nfctL electronic
eigenvalue, a function of nuclear configuration, constitutes 
the potential energy surface governing the motions of the 
nuclei. Within the framework of this approximation, the 
whole motion of the system may he described in terms of a 
single, continually adjusting, electronic solution of (3).
No transitions between electronic states occur as a result 
of the motion.
There are, however, situations in which the adiabatic 
approximation is inadequate. The circumstances in which 
this may occur can be demonstrated by considering the 
simplest and most usual situation in which breakdown is 
caused at some configuration through appreciable coupling 
between two electronic states, a and b, by motion along a 
single nuclear coordinate , with corresponding momentum 
operator
(V)
Neglecting the second derivative of the electronic 
functions V- with respect to , equation (5) for the 
coupled nuclear motions takes the form:
(8)
4If the coupling is treated as a perturbation and if the 
zero order (adiabatic) state corresponds to motion over 
the potential surface U  9 with total wavefunction
)
then the corrected wavefunction and energy are
(9)
| i o >
and E
(1) w o ) T  ( ki\4h % ar) ( ^ k ^ ^ l i ?
* v 1 £(r ' ev*‘ )
where the complete set of nuclear functions^ is
included in the summation (or integration if a continuum
is involved) • In the free particle case the only non
f * £
zero nuclear integrals J v j K V w  will couple states ^  
and 0( corresponding to identical de Broglie wavelengths,
4r
and hence identical nuclear momenta* It may be supposed 
that these Interactions are predominant even in the general 
case and hence only this ^  need be considered. In this 
event
-  o H  ,
(ID
> ^  - «  > xA. '— 4-
£-(*) _ cr0>) sss {A — U. , %and h- t- ^ ^  )
where V" is the classical nuclear velocity conjugate to .
5Further, from the electronic Schrodinger equation(3), it 
(3)
can be snown that
i (is)
It is apparent from equations (10-12) that the adiabatic
approximation is unreliable in two cases. Firstly for
exceptionally high nuclear velocities ^  the nuclear
integral (11) becomes large, but the more important case
at ordinary temperatures occurs at configurations where
there is a near or actual degeneracy of electronic levels
when the denominator of the electronic integral (12)
becomes small, the integral diverging at an actual degeneracy
unless the numerator on the right hand side of (12) also
vanishes because of sane symmetry property.
In regions where the adiabatic approximation fails
coupled equations of form (5) must be employed to determine
the nuclear motions. After passage through such a region
there is a finite probability that a transition will have
occurred to a different electronic state. For the case
discussed above where two electronic surfaces "cross" as
a result of motion along a single nuclear coordinate, Q# }
an approximate estimate of the transition probability, P,
(5-7)
is given by the Landau-Zener formula:
p - f - ,-5—  t5~r~— u? , us)
where v* is the classical nuclear velocity along and A
is the separation between the two potential surfaces at
their point of closest approach, at which position also the
#
gradient difference is evaluated.
In Part I of this thesis a calculation is described
of a set of electronic potential energy surfaces
relevant to the gaseous chemical reaction K+NaCl ~ KCl^ha*
In general the documentation of potential surfaces over a
wide range of nuclear configurations constitutes a complex
and lengthy quantum mechanical enterprise, even for
rather simple systems, and relatively few reliable
calculations have been performed, these employing for the
most part serious approximation or varying degrees of 
(o)
empiricism. in the present work It Is argued that the
electronic problem can be reduced essentially to the 
consideration of the motion of a single valence electron 
in the fields of the ions ha*, K* and Cl~. It is shown, 
however, that considerable care must be exercised in 
the estimation of the closer range interactions between 
the electron and the ions. A detailed model Is developed 
for the calculation and this is shown to stand up well 
when put to the test in the production of potential 
curves for the diatomic ions Na* , K* and UaK*, in
7that excellent agreement is found between calculated and 
experimental properties. Finally the full results for the 
reactive system are laid out and discussed. It is predicted 
that there will be no activation barrier to reaction, and 
that, if excess energy were removed, a triangular molecule 
KNaCl could be formed with a dissociation energy of 
approximately 13 Kcal/mole. For the most part the reaction 
may be expected to conform to an adiabatic model though it 
is estimated that certain near collinear collisions 
could lead with significant probability to electronic 
transitions, though these could only manifest themselves 
in excited product states In the case of highly energetic 
collisions between the reactant species.
This work constitutes the necessary first step towards 
a calculation of the detailed dynamics of the reaction 
K+NaCl *  KCl+Na, and the results provide ..material to 
which various approaches for tackling the problem of the 
nuclear motions could be applied. The reason for the
choice of this particular system as a suitable one for which 
to produce information for such a project is worthy of 
mention. The full detail available from the results 
of such calculations involves unaveraged information for 
collisions at particular relative velocities, internal
energies and impact parameters* The only experimental
method capable of providing a comparable range of
detail is the observation of reactions using crossed
molecular beams. This technique, as applied to neutral
reactive species, is'still In its infancy, though it is
at present enjoying a very rapid expansion.^ One of
the principal problems involved is detection of the very
small flu;?: of molecules scattered in a given direction.
Alkali metal atoms, and some of their compounds, have
been capable of observation at fluxes corresponding to the
(10)
deposition of a monolayer a month by means of the
(11}surface Ionisation detector ' ' which produces on impact
alkali ions which can subsequently be counted by measuring 
the current they carry. For this reason most of the 
reactions studied to date experimentally have involved 
alkali metal atoms, and such reactions thus provide the 
most useful testing ground for theoretical treatments of 
the reactive scattering process, though it might be argued 
that as a class they are not quite typical of the 
chemically more interesting simple reactions. Within this 
range the present choice allows the formulation of a relatively 
simple model which seems to contain the see.&s of a fairly 
reliable treatment. This model is equally applicable
to any similar reaction involving other alkali metals or 
halogens. The example chosen might be expected to be a 
fairly typical member of this series.
Part II sets out a rather less extensive calculation
on the molecule ReP^ • In an octahedral configuration, the
ground electronic state of this molecule is expected to
be degenerate. According to the theorem of Jahn and
Teller (12,13)^ therefore, the octahedral geometry mhst
be unstable with respect to certain asymmetric modes of
displacement in which the degeneracy is relieved. If
the distortion of the equilibrium arrangement from the
octahedral geometry is small, then in the ordinary vibrations
of the molecule, the octahedral crossing point is frequently
traversed and the various electronic states are strongly
(14)coupled. It is assumed in ReP^ that the instability
of the octahedral configuration arises from a purely 
electrostatic interaction between the single non-bonding 
rhenium 5d-electron and the fluorine atoms. On this 
basis a fairly uninvolved calculation of the shapes of the 
potential surfaces around the degenerate configuration 
leads to the conclusion that the molecule will be subject to 
a very small tetragonal distortion, corresponding to a
o
change In an equatorial bondlength of approximately 0.005 A.
10
In addition, the observed splitting in the band of 
the Raman spectrum is successfully accounted for. The 
results are on the whole insensitive to the precise details 
of the model employed, and provide a sat'isfactory 
demonstration of the applicability of Jahn-Teller theory 
to this molecule.
Part I
A CALCULATION OF POTENTIAL SURFACES 
FOR THE REACTION K +  NaCl = KCl-t-Na.
11 1.1.
Chapter 1. Introduction
The documentation of a set of potential surfaces 
for the reaction K+ NaCl =• KC1-+- Na effectively involves 
the solution of a static triatomic, 47 electron problem 
at some thousands of configurations, there being three 
internal nuclear coordinates* It is clear that any 
hopeful calculation must make use of some simplified, 
and at least partially empirical model, both on the 
grounds of tractability and of accuracy. The object of 
this work is to produce the best possible estimate of 
the shape of the potential surfaces for this system and 
as such is not intended as a demonstration of the power 
and purity of the basic quantum mechanical postulates.
The use of empirical data and the treatment of various 
factors as separate fragmentary model problems are 
judged, therefore, purely on grounds of the likelihood 
that they might lead to greater reliability in the 
eventual results.
In chapter 2 it Is argued that the electronic problem 
can be reduced to a consideration of the motion of a single 
valence electron in the fields of the Ions Nai’,K+ and Cl , 
where these latter entitles retain their essential identity 
at all configurations of interest, and behave in their
12 1.1.
longer range electrostatic interactions as charged 
polarisable spheres. The wavefunction of the single 
electron is expanded in terms of valence s- and p-atomic 
orbitals on the alkali centres. The solution of a set 
of secular equations is thus required to determine the 
eigenstates of this valence electron.
Chapter 3 presents a discussion of the solution of 
these secular equations, in neglect of the contribution 
to the electronic energy arising from the ion core 
polarisabilities. A variety of integrals have to be 
evaluated. Experimental ionisation potentials are used 
to avoid all one centre and kinetic energy integrations, 
but, for the remaining two and three centre integrals, 
expressions are required for the various atomic orbitals 
and for the interaction potentials between the electron 
and the ions. The orbital forms used are chosen to 
fit fairly closely the outer lobes of the relevant self 
consistant field valence s-wavefunctions. An important 
disadvantage incurred by the use of atomic functions, 
however, is that an orbital centred on a given atom is 
not fully orthogonal to the occupied orbitals of the 
other ion cores, leading to a partial breach of the 
Pauli exclusion principle in the final calculated 
eigenfunction. This problem is discussed at length
13 1.1.
and an adequate correction for it proves vital to the
success of the whole project. The correction applied
is basically in the spirit of the theory of pseudopotentials,
in that the energetic effects of proper orthogonalisation
are reproduced by suitably altering the close range
interaction potential between the valence electron and the
(15)ion cores. Simple forms are proposed for the
pseudopotential of each ion. Finally, the methods of 
integration and of solution of the secular equations are 
given.
The interactions between the ion cores are discussed 
in chapter 4, and at this point also the electronic 
interactions involving the core polarisabilities are 
introduced as a first order perturbation to the energies 
of the eigenstates. In chapter 5 calculations and results 
are described for the potential curves of the diatomic 
ions Na* , K* and NaK+. The model as developed is 
extremely successful in the reproduction of experimentally 
known properties and the great importance of the earlier 
pseudopotential arguments is demonstrated. The inclusion 
of p-atomic orbitals is shown to be essential for the 
estimation of accurate binding energies and also for the 
proper description of the interactions at large separations.
The results for the calculation on the reactive
14 I. 1.
system are presented in chapter 6, and there also 
their principal features are discussed, namely the absence 
of any activation barrier to reaction, the appearance of 
a well corresponding to the potential existence of a bound 
triangular complex molecule, and the possibility of small 
non adiabatic effects in near collinear collisions.
Finally two appendices deal respectively with the 
calculation of electrostatic potentials for the ions 
Na+, and Cl~ from Hartree Fock electronic distributions, 
and with a discussion of the situations in which the 
Cizek approximation for the evaluation of multicentre 
integrals cannot be applied.
15 1.2.
Chapter 2 The model
(17)In 1951 E.S. Rittner demonstrated that the 
binding energies, dipole moments and vibrational 
frequencies of the gaseous diatomic alkali halides 
could be calculated with remarkable accuracy on the 
assumption that these molecules are constitute! of pure 
and discrete ions. This postulate is well supported 
by calculation and experimentally on crystalline
NaCl by accurate X-ray diffraction s t u d i e s / a n d  by 
nuclear quadrupole coupling investigations(20)  ^ where the 
latter method has been used to quantify the ionic 
character with a figure of 99%. Rittner further assumed 
that these ions could be treated as uniform classical 
charged spheres, each polarised in the electrostatic field 
of the other. The straightforward electrostatic 
interactions involving the ionic charges and the point 
dipoles induced at their centres then provide the major 
contribution to the stability of the molecules, being 
supplemented by a weak van der Waals attraction and 
opposed by a strong close range Pauli overlap repulsion 
term..
Taking the alkali to halogen direction as positive 
the induced dipoles D and are given in terms of the ion
16 1.2.
polarisabilities P+ , P_and the internuclear separation 
R by solution of the simultaneous equations
where atomic units are employed. The brackets express 
the fields at each ion centre due to the unit charge and
values for the ion polarisabilities, P^and P_ . The 
electrostatic contribution to the molecular potential 
energy curve is thus
where the negative terms represent the charge-charge, 
charge-dipole and dipole-dipole interactions. The two 
final positive contributions give the quasi-elastic 
energies of formation of the induced dipoles.
Additional terms are included for the attractive van 
der Waals dispersion force and also an exponential form 
is chosen to take account of the close range Pauli overlap 
repulsion. Thus the resulting potential curve is given by
and
(2.1)
the induced dipole of the other ion. Pauling lists
r>-
(2.3)
where A,£ and c are parameters.
c may be evaluated by the London formula




where 1^  , I_ are the ionisation potentials of the ions. 
Values for A and^can he chosen to reproduce the 
experimental bondlengths, Ro , and force constants, p, so 
that
If this is done^ is found to be substantially constant 
throughout the alkali halides, with a value, typically
crystal phase. Rittner thus used this averaged value 
so that the second condition (2.5) had not in general to be 
invoked and in fact the calculations could be used to 
predict vibrational frequencies with considerable accuracy.
For the crystalline alkali halides A and£ can be
determined experimentally within the context of the theory
(23)
of Born and Mayer. Use of these values for the gaseous
molecules, however, leads to unsuccessful predictions of 
binding energies and bondlengths. One possible reason 
for this inconsistency is the inadequacy of a single 
exponential expression over a wide range of internuclear 
separations as has been shown by AmdurTs experimental 
investigations of inert gas collisions• Bonding
properties are sensitive to the repulsion term over a 
relatively narrow region close to the equilibrium bondlength 
and the bonds of the diatomic molecules are some 10H shorter 
than corresponding crystalline values. However, a much
and (2.5)
0.31 A , some 10^ less than that applicable in the
18 1.2
more probable explanation here is the effect on these 
,fhardn interactions of even small dipolar distortions of 
the ions, which are absent in the crystal.
With this approach, Rittner was able to calculate 
binding energies within 3% of the experimental values.
A more conclusive test of the essential veracity of the 
electrostatic model is its ability to reproduce dipole 
moments with about 5% accuracy, these values being of 
order 30% lower than would apply if the ions were unpolarised. 
The polarisation interactions contribute typically 15% of the 
total binding energies.
It is possible to set up a table of gaseous ionic
radii for the alkali and halide ions exactly analogous
(25)to Pauling1 s crystalline set though the values are
around 10% smaller.^7) These figures can be used to 
provide further support for the model. If the ions were 
treated not as uniform polarisable spheres but, more 
drastically, as classical conducting spheres of definite 
radius, then their polarisabilities would be equal to the 
cubes of their radii. In fact the gaseous ionic radii 
of the halide ions are only 2 to 3% larger than the cube 
roots of their respective Pauling polarisabilities.
Agreement for the less polarisable, and electronically
19 1.2.
more tightly bound alkali ions is less spectacular, 
but still around 20/o. If these radii were used, therefore, 
together with the assumption that the ions behaved as 
conducting spheres, reasonable agreement with experiment 
would still be found. The fact that this cruder method 
would not fail, strongly supports the idea that the ions 
can be treated electrostatically as having definite sizes, 
and the fact that their actual polarisabilities are 
close to the limiting value for conducting spheres also 
supports the assumption that they are uniform in their 
electrostatic behaviour.
In the light of the success of these calculations the 
system K+NaCl will be treated as an assembly of the three 
ions Na*, K + and 01* and a single valence electron. The 
interactions between the ions will be evaluated by an 
extension of Rittner’s method; the main difficulties arise 
from the interactions between the electron and the ions.
It must be noted, however, that this treatment applies 
only for configurations where the chlorine unit is close to 
an alkali atom, so that it can be permanently described as 
a negative ion. Interest, in the reaction under study, Is 
in fact confined to such situations.
The immediate question as to the validity of this
20 1.2.
model concerns the assumption that the close presence
of the valence electron does not seriously disturb the nature
of the ion cores.
A direct measure of the effect of an electron on a 
core is given by the core relaxation energy, the energy 
released by the remaining core electronic system when it 
adjusts to its new ground state on ionisation of a valence 
electron. This quantity may be estimated from Hartree-Fock 
self consistent field calculations t»y comparing
the total calculated energy of the isolated ion with the 
total energy of the atom less the one electron energy of 
the valence electron. Relevant results, in atomic units, 
are collected in table 2.1.
Table 2.1
Na K
Total energy of atom 161.85857 599.16447
Valence electron energy 0.18199 0.14742
Gore energy in atom 161.67658 599.01705
Core energy in ion 161.67676 599.01711
Relaxation energy of ion 0.00018 0.00006
(29)
Experimental ionisation potential
---- - . ---------------------
0.13883 0.15946
The values derived for the relaxation energies are less than
21 1.2.
0.1$ of the experimental ionisation potentials, though it is 
possible that the potassium value quoted may be an 
underestimate as in that case the ion and atom calculations 
referred to involved rather less comparable basis sets 
of analytical functions than were employed in the two 
sodium calculations. It does not seem likely that there 
will be any significant additional contribution from 
electronic correlation to the true relaxation energies.
On the strength of these figures therefore, relaxation 
effects may be neglected.
It Is as well to emphasise that the only assumptions 
inevitably implied up to this point are that the ions can 
be treated as definite entitles whose structures are never 
seriously altered and which approximate to charged 
polarisable spheres in their long range electrostatic 
behaviour (as, for example, with one another). The neglect 
of such factors as Pauli exclusion, exchange or correlation 
in the short range interactions with the valence electron Is 
not an automatic result of this subdivision.
The quantum mechanical problem is therefore reduced 
to that of finding the eigenstates of a single electron In 
the fields of the Na+ , K'*' and Cl~ cores. In the reactants 
region of the nuclear configuration space this electron
22 1.2.
occupies a K 4s-orbital, whereas in the products region it 
fills a Na 3s-orbital. It is thus natural to expand the 
electronic eigenstate at any configuration in terms of 
Na and K valence states. In an obvious notation
- C, IA/<V> * c-i
+ vc.^ 1 «,*>,> + C6 (2.6)
This summation is taken over the s- and p-states of the 
lowest unoccupied shells of Na* and K+, where, on each 
atom, only the two valence p-orbitals, p, and pa , which lie in 
the plane of the three nuclei, are included; p-orbitals 
perpendicular to the plane cannot interact with the lower 
energy s-functions. The Inclusion of p-terms contributes 
significantly to binding forces and is essential to account 
for the long range interactions in which a K atom is 
polarised by the dipole of an NaCl molecule, and vice versa. 
(The K atom is approximately 70 times as polarisable as 
a K+ i o n . ^ ^  ) The orbitals used do not of course 
constitute a complete set but the inclusion of higher 
Na and K valence orbitals, whilst considerably increasing
the size of the problem, would probably effect little
improvement in the final results. Equally there should 
be no necessity to improve the set by the inclusion of 
orbitals centred on 01*, since it is doubtful if stable
1.2.
unfilled orbitals even exist; Slater’s rules, (31) for 
instance, estimate a 4s-radial maximum at around 30 A, and 
in such circumstances the rules most certainly underestimate 
the degree of screening.
The theory is developed in the following way. The 
electronic hamiltonian is written in two parts:
The potentials V(Na+ ), V(K*) and V(C1”) represent the 
spherically symmetric interactions between the electron and 
the ions, including possible exchange and correlation terms. 
All the interactions between the ions, and the polarisation
V(core), which is in itself large by virtue of containing 
the charge-charge and overlap repulsion interactions 
between the ions. These larger influences are independent 
of the electronic coordinates and may be evaluated 
separately from the computation of the electronic eigenstates, 
giving a uniform additional contribution to the total 
energies. The terms in V(core) resulting from the effect 
of the electron in inducing and interacting with ion core 
dipoles are of course dependent on the electronic position 
but are of a small order of magnitude.
The electronic eigenstates are found from the zero
(2.7)
of the ions by the electron are retained in the term
24 T.2.
order equation:
U c n >  - ET* U c ~ >•*,> I* - n / ^  I ' / , (2.8)
and the effect of V(core) is introduced as a first order 
perturbation, with the corrected energy levels given by
£T„('' = £Ti°' * vYc**)/*0, *'/>. (2.9)
The advantages of this procedure will in due course be 
elucidated.
25 1.3.
Chapter 5 The zero-order eigenstates
This chapter concerns the approximate solution of 
equation (2.8) when the electronic eigenfunction takes 
the form of equation (2.6). In matrix form these equations 
can be rewritten:
(3.
where H and S are the 6 x 6  real symmetric hamiltonian 
and overlap matrices respectively. C is the vector 
of coefficients in (2.6) corresponding to the n^1 
eigen vector with eigenvalue E*.
The first step is to determine the elements of the 
matrices H and S. Ionisation potentials are known 
experimentally for all of the atomic orbitals employed, 
and these values can be used to avoid performing one centre 
and all kinetic energy integrals. Thus, for example,
where I!s represent the appropriate ionisation potentials. 
Within the framework of a one electron problem these 




of type (3.2b) can be used as a test of the expressions 
chosen to represent the atomic orbitals. Furthermore 
the use of ionisation potentials automatically includes 
exchange, correlation and relaxation contributions to 
these integrals. In particular the relations of type 
(3.2a) ensure the inclusion of the largest of these 
effects, namely those arising in one centre interactions.
To complete the H and S matrices overlap and nuclear 
attraction integrals must be evaluated. These Involve 31 
two centre and 9 three centre quadratures for which forms of 
the orbitals and potentials are required. In such multicentre 
Integrals only the outer lobes of the atomic orbitals 
contribute significantly. Analytical expressions for six 
term Na 3s- and eleven term K 4s-orbitals are available 
from Hartree-Fock calculations.^®^ The outer lobes of 
these were fitted by single term Slater type expressions 
with exponents optimised by least squares. This process 
gives (in atomic units)
(3.3)
Tests indicate that with these expressions the required 
integrals can be reproduced to within about 2% of the
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values obtained using the full Hartree-Fock functions.
Expressions for the p-functions are less readily 
available. The lower potential surfaces,however/will not 
be comparatively as sensitive to these as to the s-expressions 
so that it is assumed adequate to use the same radial 
variation as for the respective s-orbitals, with the 
appropriate angular modifications.
One point worthy of mention, and whose consequences 
will be apparent later, is the large size of these 
orbitals. The mean radii are 2.0 A f or and 3.5 1 for
Even when the atoms are as much as 8 I apart, the s-orbital 
overlap is still in excess of 0.1.
3.1 The spherical ionic potentials
The potential expressions V(Na+), V(K+ ) and V(C1 ) 
have to be chosen to embody the two and three centre 
interactions of the valence electron with the unpolarised ion 
cores. Table 3.1 gives a breakdown of the interactions of the 
















The electrostatic and exchange values are estimated 
from the results of calculations described below; the
(32 33)
correlation energies have been calculated by Clementi, 9 
and the relaxation terms have already been discussed. The 
sum of the exchange and correlation energies amounts to less 
than 5/o of the corresponding electrostatic energy. The 
strong one-centre interactions quoted are all accounted for 
in the present calculations by the use of ionisation 
potentials, and it is only the weaker multicentre contributions 
for which potential expressions are required. Since exchange 
and correlation interactions are relatively short range 
in character it is expected that they will form an even 
smaller percentage of multicentre terms, and they are 
neglected.
Calculations on a purely electrostatic model with 
the potentials calculated from Hartree-Fock charge 
distributions give unrealistic results, however, for a 
very fundamental reason. The valence electron cannot be 
treated independently unless its molecular orbital is 
orthogonal to all occupied core orbitals. In the present 
formulation the electron is assigned to a linear combination 
of atomic orbitals of the form jNa,^ + 1^*3^ of which
is orthogonal to but not to
1.3.1.
and vice versa for |K,y^  . This constitutes a partial
breach of the Pauli exclusion principle; the molecular
orbitals may be of altogether an incorrect appearance
in the immediate neighbourhood of the core nuclei, where
electrostatic interactions are at their strongest.
If one considers that, for example, the one electron energy
(28)of a K ls-electron is 133 A.U., whereas the valence 
electron energy will be of the order of 0.2 A.U., it is 
apparent that even a small spurious overlap of the 
valence orbital with the K Is- core orbital is capable 
of introducing a large negative discrepancy in the 
computed energy.
Ideally the basis set atomic orbitals should be 
orthogonalised to all the occupied orbitals belonging to 
11 foreign” cores. Such a task would be prohibitive in
itself, involving the evaluation of up to ten overlap 
integrals per atomic orbital at every configuration.
The orbital expressions would by this process be 
considerably complicated, vastly increasing the effort 
required in computing the integrals involved in the 
completion of the H and S matrices.
When one considers that the orbitals are appreciably 
modified only in restricted regions of space, it seems
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reasonable to attempt to bypass this effort. Even if 
computational labour were no obstacle one would have to 
recognise in a complete treatment that small but troubling 
effects are introduced such as the removal of orthogonality 
between different atomic orbitals based on the same centre, 
and also in the last resort it is incorrect to associate 
atomic ionisation potentials with appreciably modified 
orbitals.
One method which was considered, in an attempt 
to find a tractable solution to this problem, was to 
represent each ion core by a single function of Is-, 
but suitably expanded, form and to orthogonal!se foreign 
valence orbitals to these. This, however, gives no 
guarantee of improving orthogonalisation to individual core 
orbitals and in practice was found to worsten the situation.
The effect of proper orthogonalisation is to introduce 
radial nodes into a function within a foreign core.
Locally the function is forced to behave in the manner of 
a valence shell orbital of that core. Thus, in addition 
to the potential energy stabilisation obtainable by an 
electron penetrating close to a nucleus, there is also an 
increased kinetic energy contribution within the same 
region, arising from the augmented curvature of the
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wavefunction.
The object of the following discussion is to determine 
suitable potential functions so that the energetic effects 
of orthogonalisation may be approximated using the 
unmodified atomic orbitals. Consider the interaction 
between an electron in a valence orbital of atom A and 
the core of another atom B. Let ^  represent the 
unmodified atomic orbital of A and the wavefunction 
which results when orthogonalisation to the occupied orbitals 
on core B is carried out. Further let ^  be the lowest 
lying unoccupied valence orbital of B.
Far from B the A orbital is unaffected by 
orthogonalisation so that
Deep inside the B core, on the other hand, the 
orthogonalised A orbital will vary as the B valence function, 
and thus
where A is a small numerical constant, which allows for the 
fact that relatively little of the electronic charge in 
orbital is distributed around the foreign core B. In 




reality, a region of transition. For the purposes of 
this current investigation, however, it will be assumed 
that the transition between (3.4) and (3.5) is a sharp one.
B is assigned a "core radiusfl, G~ , outside of which the A 
orbital is assumed to be unaltered, but within which the 
core influence is sufficient to cause total modification 
to the form (3.5). This assumption is essentially that 
the core is hard edged. For the ions Na*, K* and Cl" 
the natural choice for <r is the gaseous ionic radius, although 
it is found that results are not crucially sensitive to the 
value chosen.
Within this radius a modified potential Vg< is defined 
so that
( % K W  = (%'l-W'+M'ti), (3.6)
where rounded brackets are used in this context to signify 
that integration is restricted to the volume of the core B, 
pointed brackets being reserved for integrals over all space. 
The right hand side of (3.6) gives the sum of the local 
potential and kinetic energy contributions to the interaction 
when the A orbital has been properly orthogonalised, Vg 
representing, to a close approximation, the electrostatic 
potential of core B. On the left hand side Vg* has to be 
chosen in such a manner that its interaction with the
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unmodified function *% preserves the equality. (3*5) and
(3.6) taken together give
and of the constant A • Before completing such calculations
expressions must be set out for the electrostatic potential
and for the valence orbital !Yg.
For the ions Ha+, K + and Cl'* electrostatic potentials
may be obtained by applying Poisson!s equation to
numerical Hartree-Fock electronic charge distributions ^3 -“36^
and then fitting the results to a suitable analytical
(37—3R^expression by a least squares process. ' These
calculations, which are described in appendix A, result 
in the following expressions (in atomic units):
\/ ~ f-1-13.902 exp(-3.4244r) +- 3.902 exp(-18.836r) j /r 
w
+62.646 Texp(-10.733r),
[-1-31.637 exp (-2.5689r)-+ 13.637 exp(-29. 04Qr) j /r 
+128• 54 - exp (- 5.6428r) +- 261.27 exp (-19.210r),
Vqf — {1-20.589 exp(-1.6308r) +■ 2.589 exp (-40.683r) J /r 
+47.688 exp(-4.0146r) +- 89.361 exp (-21.097r) .
is an effective point
s o that
 charge potential defined
(3.8)
The determination of a suitable expression for Vg 
therefore involves an evaluation
(3.9)
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Table 3.2
f4+ K * ce~
1. <r^> 1.70 2.23 3.00
2. -0.3909 -0.3320 (0.2171)
3. IVscfI -0.4019 -0.3427 -
4. 0.2266 0.2032 (0.2709)
5. C*el v'e -0.1316 -0.1249 -0.1454
6. 0.1377 0.1299 0.1734
ry» 0.0311 0.0205 0.0368
8. -0.2593 -0.2072 (0.3625)
9 > [<yRl V r i % > - c w i % ) f ] -0.2637 -0.2127 (0.3775)
(a) Atomic units are used throughout. Curved brackets,( ), 
refer to integrals restricted to the core volume and 
pointed brackets, < > , to integrals over all space.
(b) <r- core radius.
(c) Vg| V'sci*{ ~ self consistent field one electron 
energy^less kinetic energy.
potential energy contribution 
from outside the core, calculated on a point charge 
model and including only the outer lobe of \  .
35 1.3.1*
In the first instance it is convenient to treat together 
the two alkali ions Na* and K*. The valence s-functions 
used are those derived from minimal basis set Hartree- 
Fock calculations•^
0.697461 exp(-10.6259r)-0.928038r exp(-3.2857Or)
+ 0.06400048rz exp(-0.83576r)' • (3.10)
^ a  -0.7903487 exp,(-18.48950r) + 2.3164 226r exp(-6.50312r)
-0.8851556r 1 exp(-2.89329r) + 0.01749141r3 exp(-0.87375r).
Table 3.2 presents an analysis of the contributions to 
various atomic integrals; the results involving Na and K 
are contained in columns 2 and 3. Comparison of the 
second and third rows shows that the total potential energy 
‘Calculated for the valence electron using the electrostatic 
potentials (3.9) comes within 3% of the difference between 
the published self consistent field one electron energy 
and the kinetic energy. This close agreement illustrates 
the relative smallness of the exchange contribution to the 
self consistent field energy. (The estimates of exchange 
energies given in table 2.1 were obtained from these 
figures.)
From rows 5 and 6 it may be seen that within the 
core radii are concentrated approximately two thirds of 
the total kinetic energy and one third of the total 
potential energy and that these contributions cancel to
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within about 4%. This cancellation would be even more 
complete and possibly slightly reversed in sign if a 
suitable proportion of the exchange energies were 
included. How 7 gives the contribution from within 
the core which would result if -ivV v&j were taken
as l/r. The conclusion drawn is that for both Na4, and K4" 
within the ion core%
* e> ± S-2-. (3.11)
The maximum uncertainty incurred by use of ^ $ = 0  within 
the cores in the atomic integrals of table 3.2 Is of the 
order of 4 Kcal/mole. For the multicentre integrals 
with which this discussion is ultimately concerned, however,
X of (3.5) is small (of order 0.1 to 0.01) so that the 
possible error incurred within the core is reduced to 
an acceptable level.
Comparison of rows 8 and 9 shows that the remaining 
contribution to the potential energy from outside the core 
can be accounted for to within 2% by computing only the 
interaction between the net ionic point charge and the 
outermost lobe of the valence orbital.
The final conclusion, therefore, Is that for an 
alkali ion a suitable expression,^ , for the modified 




there being no requirement in this case to find A . This 
form is very considerably different from the electrostatic 
potential, which near a K nucleus approaches -19/r. 
Calculations with other choices of core radius suggest that 
the ionic radius is a reasonable choice for this parameter, 
though the conclusions reached are not crucially altered 
by a deviation of up to 20% in <T. Whereas this implies 
that the potential form (3.12) derived by the above 
arguments is not critically sensitive tor, it does not 
provide evidence for the wisest choice of radius to 
represent the discontinuity from unperturbed to totally 
modified behaviour of a foreign atomic orbital.
yi .
The choice of a modified potential for the Cl 
ion is more difficult. As suggested above it is extremely 
unlikely that a stable valence orbital even exists. 
Certainly no expression has been published. The ion is, 
however, isoelectronic with K*, and, acknowledging that 
an orthogonalised foreign orbital will be approximately 
of 4s- disposition Yd.thin the core the form X^ is taken 
as a suitably expanded version of the K 4s-function (3.1C);
38 1*3.1.
the scaling factor, which allows for the difference in 
size between the two ions, is taken as the ratio of the 
gaseous ionic radii. Thus, within the Cl' core, a foreign 
orbital after orthogonalisation takes the form
The final column of table 3.2 lists the 01“ one 
centre integrals calculated using this unnormalised form 
f o r t o g e t h e r  with the Cl“ electrostatic potential (3.9). 
In this case within the core the kinetic energy contribution 
overwhelms the attractive potential energy to an extent 
equivalent to a net repulsive potential,
where this form is not very sensitive to the choice of
The two centre restricted integral on the denominator of
X /  where - ^ ( o (3.13)
(3.14)
core radius. Since does not vanish, a value f or  A
must be estimated in this case.
If the final, modified potential, n£- is sought in the
form
(3.15)
then equation (3.7) shows that
(3.16)
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(3.16) Is evaluated, by using an approximate expression 
for the unperturbed atomic orbital \  within the Cl" core.
If fA is a Slater-type orbital it may be written
%  * t (3.17)
where any angular part (centred on A) is assumed to be 
invariant over the volume of the Cl** core, and is included, 
together with the normalisation factor, in N. To further 
facilitate the integration, which is over a small region 
where Y changes slowly, only the linear variation of ^  
parallel to the bond axis is Included, and to this approx­
imation,
^  , y (t - s + c * e )  (3>18)
where ^ = AJ £ and £  - (j?
In (3.18) has been expressed in polar coordinates centred 
on the Cl~ nucleus, with the A-Cl bond as principal axis.^ 
is the magnitude of %  and <T is its gradient, both 
evaluated at the Cl nucleus. These approximations are 
adequate for all but the shortest bondlengths, R. Thus
(%\ ~ 2-^ <rlf  (i +■ (3.19)
If the further postulate is made that A is equal to the 
mean ratio of ^  to T on the core boundary (so that ^  is as-‘t CjC
closely as possible continuous) then, taking 3.0 A.U.,
/ ^   -
0 0 1 0  < (3.20)
so that, substituting in (3.16)
ft ~  v f  6 f* . (3.21)
Fop Na and K atomic orbitals, giving R physically reasonable
values for appreciable core effects (2-5 A), S’ lies in the 
range 0*0 to-0*5, and hence a suitable modified potential 
within the core is
- + 'A-- (3.22)
Whilst this expression is not completely reliable it 
should certainly be of the correct order. Outside the 
ionic radius only the point charge repulsion is significant 
so that (3.22) provides an extremely convenient and simple 
representation for the Cl potential throughout space, and 
again diverges markedly from the electrostatic potential 
which in the immediate vicinity of the nucleus behaves as 
-17/r.
The above derivation of the expression (3.22) for 
can be supported in order of magnitude by another consideration 
based on the acceptance of the zero net potential within 
alkali ion cores. Close to a nucleus an orthogonalised
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valence wavefunction gives rise on average to no net 
energy contribution from any particular small region of 
space. If two protons are removed from the nucleus to 
yield a Cl isotope the valence energy must rise. An upper 
bound to the new net repulsive potential is provided by + 2/r 
arising from the removal of the nucleons. On relaxation, 
however, the energy is reduced in two ways; the potential 
energy falls because the nucleus Is less screened by the 
expanded core electron distribution, and there is a decrease 
in kinetic energy as a result of a smoothing of the 
oscillations of the valence orbital. These arguments are 
consistent with (3.22).
The discussion presented above is essentially In the 
spirit of the theory of pseudopotentials in which also 
the energetic effects of orthogonalisation to core functions 
are reproduced by the inclusion of an extra repulsive
(15)potential In the close range hamiltonian. It can be shown 
that, if this potential is suitably chosen, the modified 
hamiltonian has rigorously the same eigenvalues as the 
original genuine hamiltonian, but its eigenfunctions, whilst 
closely approximating those of the true hamiltonian outwith 
the core, are smoothed in the interior, and the constraint 
of orthogonalisation is removed. A complete treatment in
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this problem would be prohibitive since the precise 
pseudopotential naturally depends on the forms of all 
of the core orbitals and also on the particular foreign 
orbital and bondlength to which it is applied. In 
practice the advantage of this approach seems to lie not 
in eliminating the labour required to satisfy the Pauli 
principle but in simplifying the forms of the valence 
eigenfunctions so that they may be more closely 
approximated by means of a relatively small basis set.
The fixed potentials derived above are thus approximations 
to pseudopotentials.
In this approach the pseudohamiltonian, which should 
have the same valence eigenvaluesas the real hamiltonian (2.7) 
and essentially similar eigenfunctions outside of.the cores, 
becomes
t i i C~zV% outside alkali cores 
'= V'+V' ♦ j (3.23)
A L O  inside alkali cores.
The corresponding pseudohamiltonian for an alkali ion is
J> A  <-><r ' , ■ ,i H ' f  (3.24)
[ o  v-<<r
The valence atomic orbitals of a-re E-ok oscillatory
functions and should be fairly closely represented by the
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single term smooth fits to the outer lobes of the true 
alkali orbitals. In table 3.3 it is demonstrated that 
the simple atomic expressions (3.3) taken with the 
hamiltonian (3.24) do in fact lead to encouragingly 
accurate estimates of the valence orbital ionisation 
potentials.
Table 3.3
(Ha,s^ ll\!a,p> (K,s> (K,p>
I,P. calc. (A.U.)









A very high level of accuracy is desirable in these 
large one centre terms, however, and the experimental 
values are retained in the evaluation of the integrals (3.2)• 
Thus the matrix H is constructed from the matrix elements 
of V .  and V/^ , and from overlap integrals.
5.2 Calculation of integrals
Equipped with expressions for the potentials and 
orbitals it is possible to proceed with the necessary 
integrations. All of the two centre Integrals can be
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treated analytically in terms of confocal ellipsoidal 
coordinates as series of products of the well known 
A and B functions:
} \/ /  ' ' (3.25)
and ^  .
Some care is required in the calculation of the A and BA
In most configurations the recursion formulae
+ " ^  *_,(.)} (3-86>
and. ^ fr*) + "»
give accurate values, but for b<l cancellations in (3.26)
leads to a rapid loss of significant figures and the
(40)
are best calculated from the series:
0 (4.) = jr IkAy(~l)V  ,3 „  .
(»+«ti)n! (3.27)
Another complication, which is less well known, arises 
for nuclear attraction integrals, I, at large values of 
the intemuclear separation, R.
1 =  J  ^  (3.28)
If Y'*■ this integral in elliptical coordinatesn
reduces to an expression of the general form
i *  ^  *<-*) ss £<«)j, (3.29)
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where the £+s are the appropriate expansion coefficients.
Now for large R, according to (3.26),
„rt,
X I (3.30)
es c«4 ) .
so that each term in the bracket of (3.29) is of order R^. 
The integral, however, must tend to R ”1 and so the bracketed 
sum is of order R times smaller than its individual 
terms. Direct summation in equation 0.29) for large p 
or R may therefore lead to drastic rounding errors. In 
these situations the integral (3.28) is best calculated 
by making the substitution:
x ,  (3.31)
"6 u m £ ->«•
In the present work, performed on a computer carrying 11 j
significant figures, this effect becomes important only 
at such large R (~15A) that sufficient accuracy is 
obtained retaining only the first term in the expansion (3.31)i 
The calculation of integrals involving the 
discontinuous alkali ion potentials (3.12) is performed by 
first assuming that the expression
\ 1 (3.32) 
applies throughout space. The contribution which accrues
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to this integral from within the alkali core is then 
subtracted. This latter bounded integral is 
evaluated by approximating the foreign orbital expression in 
the core as linear and axially symmetric* in' the manner 
proposed in equation (3.18). Errors incurred by this 
technique are insignificantly small, except possibly at 
uninterestingly close internuclear separations, and are 
expected to be at least an order of magnitude smaller 
than the error arising from the uncertainty in the close 
range part of V* (r) •
The computation of the nine three centre integrals 
of form <Ak / I k> is more difficult. Comparison with 
numerical quadrature shows that Mulliken’s approximation, (
(3.33)
can provide typically 10$ accuracy for s-functions but 
otherwise may not even give the correct sign, and as such 
is totally inadequate. An elaborate method for 
approximating multicentre integrals in terms of two centre 
forms was proposed by Cizek and shown to work excellently 
in some simple e x a m p l e s . T h e  model through which 
this method is applied, however, cannot in practice always 
be set up, and in this problem it was found that breakdowns
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were frequent. This point is discussed in appendix B.
The three centre integrals are therefore evaluated
numerically using confocal ellipsoidal coordinates based
on the alkali ion centres. Gaussian quadrature is
employed^^^ and use of two separate 8x8x8 grids over the
ranges l^/*€2.5 and 2.5s/*^ 12 is sufficient to guarantee
accuracy <yu- - £ ) •  This constitutes the
most time consuming part of the whole calculation.
Once all integrals are evaluated, the H and S
matrices can be set up and the eigenvalue equation (3.1) 
obtained.
5.3. Solution of the eigenstate problem
Equations (3.1) can be combined to give an equation 
for all six eigenvectors simultaneously,
H C  = S  C£T (3 .54)
where C is the matrix whose columns are the eigenvectors 
ci;cz,...,c6 and E is the diagonal matrix of eigenvalues. 
This equation is solved under the constraint that the 
set of eigenvector solutions are orthonormal, so that
c fsc = a (3.35)
where i is the unit matrix. The first step in the
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solution is to find the real orthogonal matrix U which 
diagonalises S, which is positive definite. Taking
U S  U  = A  (3*56)
then S 1 can be uniquely chosen as
S  ^U A ^ U  f (3.37)
where the elements of the diagonal matrix A  * are the 
inverse positive square roots of the elements of A* 
Multiplying by S equation (3.34) may be rewritten
=( ^ C JE| (3.38)
V - ic
where S ** is uniquely defined as the inverse of 3 •
Putting and H l=-y ln 5 (3.38) becomes
(3.39)
S ^ is real symmetric and therefore so is H  . The 
matrix X is then orthogonal, as it must be according to 
(3.35), and can be determined, along with E, by a second 
diagonalisation. The matrix of eigenvectors is finally 
obtained as
C - S * V. (3.40)
This method requires the diagonalisation of two real 
symmetric matrices. This can conveniently be achieved
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by the Jacobi method, involving successive elementary
orthogonal transformations chosen to nullify each
off-diagonal element in turn, and iterating over the matrix
until all remaining off-diagonal elements are smaller than
— 7a specified allowable threshold (taken as 10 A.U. in 
the present work).
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Chapter 4 The core polarisation Interactions.
The final stage in the calculation is to 
determine the energy of interaction between the ion 
cores and to compute to first order the electronic 
interactions involving core polarisation. The 
largest contributions to the energy are the charge- 
charge terms and the short range exponential repulsions 
between the ions; the influence of the induced 
dipoles and of the van der Waals dispersion forces are 
relatively weak. The full, non-perturbation, treatment 
would be to solve analytically the polarisation problem 
for arbitrary electronic position. The total 
hamiltonian thus derivable would be exceedingly complex 
and the evaluation of its matrix elements would involve 
a large number of arduous integrations. The extra 
labour thus introduced into the problem would be totally 
disproportionate to the smallness of the contribution of 
the electron to the polarisation terms. A perturbation 
treatment is more appropriate.
The dipoles induced on the cores must by symmetry 
lie in the plane of the three nuclei so that a total 
of six dipole components must be specified. Each of 
these is the product of the appropriate ion polarisability
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and the parallel component of the electrostatic field 
at its centre, arising from the charges of the other 
ions and of the valence electron and from the induced 
dipoles at the other nuclei. Applying the full 
analogue of the diatomic alkali halide treatment would 
lead to six linear equations for the induced dipole 
components, and these could he systematically solved.
The pairwise charge-dipole and dipole-dipole interactions 
between the centres could then be accounted for, together 
with the quasi-elastic energies of the dipoles.
The precise determination of the field components 
at the nuclei due to the valence electron, and of the 
interaction between the electronic charge and the core 
dipoles would involve the determination of some 70 two 
and three centre integrals of the types:
<"'! H j f W ,
and -X |
Of these not even the two centre terms can be tackled in
closed form, unless as a convergent Maclaurin series in
(44)
integrals involving the A and B auxiliary functions.
Exact evaluation would be much more laborious than the whole 
remainder of the project. Instead the following method
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has been adopted.
For the purposes of illustration consider the effect 
of an electron in a hybrid Na orbital:
|e^ = y - j===^  £lA/<Kt s} + A  ^ (4.2)
where A is a hybridisation coefficient and the unit 
vector 2 specifies the axis (in the plane) of the 
p-orbital. The electron, together with the Na+ ion 
constitutes a polarised Na atom, which, in addition to 
any core dipoles, exhibits a resultant ’’electronic dipole”, 
given by
^  “ <TT( * > (4‘3)
where represents the mean radius of the Na valence 
orbitals. If any eigenstate solution of the zero order 
equation (2 .8 ) is rewritten in the form:
i « w = s^ >  c>< > ( 4 - 4 >
where C . and C y are constants, a fraction of an electron,l<
“ c** ■> (4.5)
•Jc K
can be formally assigned to the Na hybrid and the 
remaining fraction (I — to the K hybrid. In this
approach there is situated on Na, for example, a residual
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Figure 4.1,: The electrostatic point charges, electronic dipole 
D, and induced core dipoles,^.
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positive charge of ( I- P^) together with a partial 
electronic dipole given by
For each eigenstate, therefore, the core electrostatic 
interactions can be approximated in terms of point
as illustrated in figure 4.1.
The problem is thus reduced to one of simple
electrostatics. Since typically the electronic dipoles
are very much larger than the core dipoles, the
interactions between one core dipole and another are
neglected. These will be of the order of the errors
in the above treatment of the electron. In fact these
effects, of order R 7 and smaller, were noted to be
insignificant contribuents to the binding energies of
(17)the alkali halides. Dipole induction is therefore
supposed to be due only to the point charges and the 
electronic dipoles, giving non-coupled equations for the 
core dipoles. The polarisation contribution to the 
energy of each eigenstate now simply decomposes into 
charge-core dipole, electronic dipole-core dipole and 
core dipole quasi-elastic terms.
(4.6)
charges, electronic dipoles,p , and core dipole 9
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It is to be noted that in this approximate treatment 
it has been implicitly assumed that each foreign core 
experiences the average field of the valence electron, 
whereas, since the core electronic kinetic energies are 
typically much higher than that of the valence electron, 
the cores might be expected to respond to the instantaneous 
position of the electronic charge. The errors 
introduced by this assumption should not be great, however; 
the larger nown core” instantaneous polarisations are 
built-in parts of the ionisation potentials.
The van der Waals terms are computed using
coefficients straightforwardly obtained with the aid of
the London formulae (2.4) and the Na*- Cl~ and K+- Cl"
exponential repulsion expressions are available from the
(17)
alkali halide calculations.
No equivalent expression is available for the short 
range Na* - K + repulsion and there is no direct method 
by which It can be obtained. Whilst the coulomb repulsion 
will ensure that close Na* - K+ separations will be 
energetically unfavourable, an additional repulsion term 
is necessary to overpower the inner trends of dipolar and 
van der Waals forces. The necessary parameters may be 
estimated in the following way.
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Some calculations have been reported, k ° on 
the assumpcion oliat the exponential repulsion between 
two ions is proportional to the square of the total 
overlap between their respective core orbitals:
This work leads to values for the alkali ion - halide 
ion repulsions in rough agreement with values derived 
elsewhere. The computed results given for alkali ion - 
alkali ion parameters are listed in table 4.1.
Table 4.1
.. ' —  ■■— ■■■■ !
Ion pair Cs* - Cs* Rb* - Rb* ’ K* - I\* ' Li*" - Li*
e (i) 0.278 0.241 0.217 0.109
A typical alkali halide repulsion parameter is £~0.31A. 
These smaller values indicate steeper repulsion curves, 
consistent with the relativeMhardness,f of the more 
tightly bound positive ions. For the Na* - K + repulsion 
a value of g* 0.20 A appears to be of the correct order 
of magnitude.
The parameter P may be estimated by analysing the 
significance of the assignment to each ion of a fixed
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ionic radius, For ions of opposite sign equilibrium 
between the electrostatic attraction and the closed shell 
repulsion forces occurs at a bondlength equal to the sum 
of their radii. The closed shell repulsion is not directly 
electrostatic in nature. Hence, if the sign of the 
electrostatic interactions between Na'*' and K* is reversed, 
the resulting potential curve should show a minimum at a 
separation equal to the sum of the sodium and potassium 
gaseous ionic radii* is chosen by insisting that this
criterion should be satisfied.
Tables 4.2
' Na+ K+ Cl"
s-orbital ionisation potential^®)
p-orbital ionisation potential^^)
(28)orbital mean radius '
ion polarisability (*^
^  • • 4-. , 4_« n (29) (46) ion ionisation potential



















& i o 124.2 0.586
k * - cr 248.4 0.586
52
{ 1 w + 966.0 0.378
Na^ - Na+ 535.6 0.350
K* - 1247 0.416
It is now possible to complete the entire calculation
—  ■ /  \ \
and to arrive at the first order energy levels 
corresponding to the zero-order eigenfunctions 1#°*^ . 
Tables 4.2 contain (in atomic units) all of the empirical 
data employed.
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Chapter 5 The potential curves of Na* , K,* and NalC*~
In the course of the previous chapters a rather 
elaborate edifice has been constructed within the 
framework of which the proposed potential surface 
calculation can be performed* This chapter describes 
the application of the basic essentials of the model in 
some situations where experimental evidence is available 
for the purposes of comparison. It would otherwise be 
extremely difficult to assess the reliability of the 
results obtained for the system K-*rNaCl, in the absence 
of any detailed experimental knowledge.
The diatomic ions l'Ja£ , and NaK* are ideal for
this purpose* They each, according to the above theory, 
may be decomposed into systems involving the interactions 
of a single electron and a pair of RIttner ions, and the 
treatment outlined above may be very easily simplified to 
deal with them. In particular these calculations provide 
a direct test of the pseudopotential expressions for 
Na*- and K* although they cannot measure the reliability 
of the Cl** pseudopotential. Nonetheless a test of the 
former functions does in itself provide a check on the 
validity of the general reasoning involved in the evolution
60 1.5.
of all of these potentials.
The treatment used in these calculations is 
precisely equivalent to the application of the model 
developed above in full detail to the system M+NC1, 
for configurations in which the halide ion is infinitely 
removed. Only the four sigma states derivable from 
the alkali valence orbitals are calculated. The diatomic 
systems lend themselves to experimentation with alternative 
techniques and parameters since the size of the problem 
is considerably eased as a result of the loss of the third 
centre, the smaller basis set of only four atomic orbitals, 
and particularly by the reduction to a single internal 
coordinate.
The experimental data to be compared with these 
calculations is all provided by studies of the neutral 
molecules and is listed in table 5.1.
Table 5.1
|Na*. Na\ i NaJ (expt .)(calc) (eacptj
K
(calc}
NaK I NaK+ 
(calc •
D° (Kcal/mole) 16.8 22.9 22.8 11.8 17.5 16.5 14.3 12.5
R (A) 3.08 •^3.6 3.44 3.91 a/4.7 4.86 3.91
w (cm’*' ) a/105 132 60 62 74
x (cm~' ) ______ */-0J50
-0.55 a/- 0JJ3 -0J.7 -0.32
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The neutral molecule dissociation e n e r g i e s , ^ t>° ,
(48)
and bondlengths, R, are derived direct from 
experimental work. The dissociation energies of Na* 
and K* are obtained by completing the cycle:
+■  > M+ •+■ M
ji(«J fr(«l (5.1)
 £ ( * » J ------- ,  M -t- M
The ionisation potentials of the homonuclear neutral
molecules and also the ”experimental” bondlengths,
vibrational frequencies,*/, and anharmonicities, x , for
Na* and K* are obtained by extrapolation of the
corresponding properties of series of Rydberg excited
(4^,50)
states of the neutral molecules. (The bondlengths
of Na* and K* are estimated from extrapolated rotational
constants) • It may be noted in passing that, although
there is an increase In bondlength from Na to Na* and
from K 1 to K* , there is also an increase in dissociation
energy. This observation, which has been the subject of
some discussion, is supported by other calculation^,^
and the quoted dissociation energy of k£ has recently been
(52)
supported by photoionisation studies.
The potential curves for the four lowest sigma states 
obtained by the present calculation ar© plotted In 























Table 5.2 Potential curves of Na^ ~
rtf) VI (-Kcal/mole) V2 V3
r~
V4
1.5 -55.140 -107.133 -160.602 -450.529
2.0 93.442 17.263 1.198 -232.371
2.5 127.675 46.599 37.919 - 97.775
3.0 139.014 67.314 53.697 - 24.422
3.2 140.600 74.400 57.756 - 7.512
3.4 141.170 80.664 61.032 6.268
3.5 141.165 83.514 62.435 12.157 i
3.6 141.006 86.191 63.705 17.439
3.8 140.321 91.064 65.897 26.643 1
4.0 139.274 95.346 67.697 34.142 \
4.5 135.793 103.776 70.865 47.505
5.0 131.967 109.517 72.602 55.761
5.5 128.452 113.261 73.310 60.981
6,0 125.558 115.617 73.318 64.341
7.0 121.790 117.886 72.365 67.939
8.0 119.994 118.591 71.344 69.420
10.0 118.854 118.703 70.414 70.147
12.0 118.597 118.583 70.179 70.151
15.0 118.487 118.487 70.065 70.064
20.0 118.438 118.438 ' 69.989 69.989
oO 118.415 118.415 69.922 69.922
Energies refer to stability relative to the dissociation limit
Na Na+ + e"
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Table 5,5 Potential curves of
r (A) VI (-KcaH/mol©) V2 V3 V4
2.0 -38.439 -87.129 -105.612 -136.445
2.5 65.372 9.335 - 2.491 - 31.320
3.0 93.241 33.348 25.666 9.646
3.5 106.387 45.992 39.837 29.632
4.0 113.155 58.106 48.589 16.994
4.4 115.641 66.064 53.383 8.475
4.6 116.207 69.432 55.278 9.127
4.7 116.360 71.002 56.125 10.432
4.8 116.436 72.505 56.912 12.200
4.9 116.446 73.947 57.644 14.296
5.0 116.396 75.332 58.326 16.605
5.5 115.463 81.498 61.097 28.705
6.0 113.821 86.519 63.033 38.726
7.0 109.864 93.486 65.140 51.080
8.0 106.276 97.271 65.629 57.164
10.0 102.089 99.921 64.533 61.774
12.0 100.710 100.295 63.555 62.883
15.0 100.218 100.191 63.115 63.623
20.0 100.063 100.063 62.964 62.964
00 99.998 99.998 62.835 62.835
Energies refer to stability relative to the dissociation limit





























Table 5.4 Potential curves of NaK*”
r(A| VI fKc'al/mole) V2 V3 V4
2.0 42.560 -16.038 -50.799 -97.404
2.5 104.325 32.864 21.422 -36.275
3.0 124.970 56.340 44.909 - 8.037
3.3 129.176 60. Ill 54.767 0.562
3.6 130.621 64.064 60.604 6.631
3.8 130.919 68.733 61.394 I0.7b4
3,9 130.954 71.014 61.778 13.053
4.0 130.927 73.205 62.192 15.447
4.2 130.708 77.301 63.097 20.492
4,5 130.020 82.752 64.535 28.126
5.0 128.189 90.094 66.753 39.204
5,5 125.977 95.411 68.479 47.347
6.0 123.843 98.935 69.659 52.976
7.0 120.824 101.937 70.665 59.347
8.0 119.506 102.072 70.658 62.075
10.0 118.786 101.045 70.305 63.272
12.0 118.591 100.508 70.166 63.230
15.0 118.487 100.206 70.064 63.090
20,0 118.438 100.063 69.989 62.964
00 1 1 8 .415 99.998 69.922 62.835
Energies refer to stability relative to the dissociation limit
Ha* + ©'
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The calculated properties listed in table 5.1 are derived
from the ground state curves. The agreement between
the experimental and calculated dissociation energies
for Na£ and K* is striking. The dissociation energy
predicted in the case of the heteroion NaK+suggests that it
is more conventional in its binding behaviour, being
marginally less strongly bound than the corresponding
neutral molecule. The calculated vibrational frequencies
and anharmonicities are derived from the parameters of 
(55)
Morse curves fitted about the ground state minima.
In view of the uncertainties of 5 - 10% in the extrapolation 
for experimental quantities, agreement is again very 
satisfactory. The correctness of the calculated bondlengths 
is supported within about 4% by the values obtained from 
the experimental extrapolated rotational constants. The 
expected trends in bondlength are followed among the three 
calculated ionic values and the experimental figures for 
neutral Na^ and K^, all of these distances being unusually 
large by normal chemical standards. The length of these 
bonds underlines the relative insensitivity of the results to 
the precise choice of M+-N+ exponential repulsion terms, as 
these become significant only at considerably shorter range.
One final point of Interest concerns the asymptotic 




























































Figure 504: Long range behaviour of potential curve
a*'*'*’
1* Dissociation limit I\f*4-K
1 0 2015




th© interaction becomes principally that between an alkali 
ion and an alkali atom. The polarisabilities of the alkali 
atoms are of the order of a hundred times greater than those 
of their ions and values of 23A*for Na and 44 A3 for K 
have been proposed for these p a r a m e t e r s . W i t h  the 
aid of these figures, therefore, the limiting ion - 
induced dipole interaction energy may be computed. Figure 
5.4 demonstrates the agreement between these results and 
the calculated curves for the ground and first excited 
states of NaK^ (corresponding to the dissociation limits 
Na •+■ K* and K 4  Na* respectively) down to internuclear 
separations of around 8A. In the homonuclear molecules, 
however, appreciable binding forces may be seen to operate 
at even larger separations. The correct form of 
asymptotic behaviour cannot be reproduced without the 
inclusion of p-atomic orbitals. It Is important for 
any application to scattering experiments, that potential 
surfaces should be used which have the correct behaviour 
at large distances, because long range collisions 
predominate.
The success of these calculations provides 
encouraging evidence for the reliability of the model.
Before proceeding to outline and discuss the
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results obtained for the system K -H NaCl, however, it 
is interesting to analyse the improvements to the 
diatomic ion calculations resulting from the inclusion 
first of the pseudopotentials of chapter 3.1, and 
secondly of p-orbitals in the wavefunctions.
Table 5.5












(70 1.5 150 2.2
Zs 34 CO * *-• 00 )
(13 3.5 6 7.5
Is 6 4.0 16 3.3 7 7.0
lsp 74 2.4
Hs 4 4.4 12.5 3.7 9 5.1
Hsp 14 3.8 25 3.3 17 4.5
tap 12.5 3.9 22.8 3.4 16.5 4.9
Experiment 22.9 17.5
Table 5.5 lists the ground state potential curve 
minima obtained in a variety of calculations. If the 
electrostatic ion potentials (3.9) are employed within as 
well as outside the ion cores and if the wavefunctions 
contain only s-orbitals, the potential curves, labelled
72 I. b
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Figure 5«5s Potential curve (for NaK*
i
from calculation Zs
INTERNUC LEAR SEPARATION (A)
3 4 3 6 ^
--10
Figure 5,6: Potential curve for Na^
from calculation Zs
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Zs, are obtained. Figure 5.5 gives the relevant ground 
state curve for HaKf*~, showing unexpectedly high binding 
energy and a correspondingly short bond. (Furthermore 
the curve shape in the range 3-6A is unusual.) The 
spurious characteristics of this calculation are much more 
clearly evidenced in the double minima recorded for 
Na£ and K* , the curve for the former of which is plotted 
in figure 5.6. There is ample evidence that these 
disquieting features arise from interactions within the 
ion cores. in the first instance the ground state curves 
for Na* and K* around their inner minima are those 
corresponding to the antisymmetric molecular orbital.
The positions of these respective minima at 1.5A and 2.2A 
may be compared with the radial maxima of the atomic 
orbitals which occur at 1.2A for Na and 2.0A for K.
A simple calculation shows that under these circumstances 
the antisymmetric molecular orbital concentrates more 
charge within the ion cores than does the symmetric orbital. 
Further evidence that a core effect causes this behaviour 
is provided by the results labelled Is where the electrostatic 
potentials are replaced by simple point charge expressions 
(throughout space) resulting in the disappearance of the 
inner minima giving more plausible bonding parameters.












a deep minimum at very short range as exemplified 
by the result lsp for HaK^.
In the calculations Hsp and Hs (respectively with and 
without p-orbitals) the valence orbitals are made orthogonal 
to foreign cores simply by setting them to be uniformly 
zero within the core radius. As is clear from table 5.5, 
the results Hsp obtained for the diatomic ions with this 
method are essentially the same as those from the adopted 
pseudopotential model (labelled ¥sp). They are recorded 
here for two reasons. In the first place comparison of 
the two parallel sets demonstrates that only approximately 
half of the total binding in the diatomic ions results 
on the inclusion of s-orbitals alone in the valence basis 
set. Secondly, figure 5.7 shows the results of a series 
of Hsp calculations on , steadily increasing the size 
of the core radius from zero to the K+ gaseous ionic 
radius. The inner curves demonstrate the successive 
diminution - of the antisymmetric curve at the inner minimum. 
The symmetric curve is not so sensitive to core radius and 
is shown only at its final position.
The procedure Hsp which involves cutting "holes1' in 
the valence orbitals within foreign cores is, for the 
diatomic Ions, nearly equivalent to the adopted procedure, 
though on the basis of the discussion in chapter 3.1,
insufficient core penetration is allowed in such a 
model. This effect would become important in a system 
containing a chloride ion. There are also difficulties 
inherent in such an approach in that the orbitals would 
presumably be required to be renormalised, and also strict 
orthogonality between s- and p- valence orbitals on a 
particular centre is relaxed, with the result that a 
suitable atomic combination assumes a larger “ionisation 
potential." The adopted procedure is clearly more 
satisfactory.
The salient points from this discussion may be 
summarised. The use of electrostatic potentials leads 
to spuriously strong and close range binding. Using 
pseudopotentials, however, as the core radius is 
steadily increased from zero to the ionic radius, these 
deep inner minima disappear, and the resulting longer 
range binding is not rapidly altered. The Inclusion of 
p-orbitals is essential both to obtain accurate dissociation 
energies and to describe effectively the long range 
behaviour. As a result of these calculations it is 
possible to proceed with some confidence to outline the 
results for the reaction K *+- NaCl — KC1 -4- Ha.
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Chapter 6 The potential surfaces for the reaction 
--------- -------T T t  Na'CT W m V  Na------------ ~
In table 6.1 the energies of the two lowest 
potential energy surfaces for the reaction K + NaCl — KOI -+■ 
are listed at all configurations for which they were 
calculated. The format in which these results are 
presented requires some explanation. For the reaction 
M +- NCI the nuclear configuration is specified in terms 
of the coordinate system depicted in figure 6 .1 .
Figure 6.1
R is the distance from the reactant atom M to the centre 
of mass, G, of the NCI molecule. The dimen si onless 
constant c is defined in terms of the atomic masses as
.  / d) ( (* -1 \
-  V  \fi ^
and the length of the N-Cl bond is given by c£.
, A
Finally, X is the angle MG-C1. In this coordinate system
the classical energy for nuclear motion restricted to a 
plane is given by
(6 .2 )
where m  - ***
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so that any orthogonal transformation will preserve the 
diagonal!sation of the kinetic energy. The results in 
table 6.1 are divided into two parts, expressed in the 
coordinate systems for K +  NaGl and Na -e KG1 respectively; 
the former is concerned principally with configurations in 
the reactants region and the latter with the products 
region. For each part the results are broken down in the 
first instance into separate sections for each angle X  , 
at 15* intervals. These sections are further subdivided for 
each R, the value of which is given at the head of each 
subsection, together with an integer,n, indicating the 
number of configurations listed for that (^R) • The data 
for each point is then listed, giving first the relevant 
g - value, and then the two lowest electronic eigenvalues 
E (R,£,iO and EjR,£,V). The format of each section may 
be illustrated:
e* j e; id, , *);
e‘t^ f»C^ ,,eiUar); (6.3)
€tL.
Distances are given in A and the energies, in Kca3/raole, 
measure stability relative to the dissociation limit 
(Na+V K ++Cl +■ e~). The completion of the calculation at the 






1 .853 205.8743 197.7093
1 .903 207.5293 198.7063
1 .953 208.5943 198.3803
2 .0 0 j 209 .0073 196.9873
2 .053 208 . 7373 194.72D3




3 .OO3 61.5003 40.8103
3.83 113
1 .8O 3 219.0183 208.7773
1 .903 222.9223 216.5093
1 .953 224.3563 218.3583
2 .OO3 225.7743 219.0763
2 .053 227.0393 218.8913
2.103 228 .0073 218 .0253




3 .OO3 189.5793 155.3953
4.03 133
1 .703 213.9573 195.6803
1 .8O 3 223.0133 209 .9293
1 .913 226.9473 219.4273
1 .953 227.499' 2 2 1.5553
2 .OO3 228.1533 223.2853
2 .053 229.1033 224.042 3
2 .IO3 230.2133 223.972 3
2.153 231 .2303 223.290 3
2 .2O 3 2 32 .0443 222.1873
2 .303 233.0213 219.1893
2 .503 232.7913 2 1 1.5053
2.703 230 .0213 202.4273
3 .OO3 220 .0823 185.5553
4.53 103
1 .703 216 .0513 1 9 1.IOO3
1 .853 2 2 7.58O3 209.4683
1 .903 229 .0153 213.3593
§1S :^§§|
1.6
2 .053 229 .1923 220 .8613
2 .IO3 228 .2623 222 .3003
2 .303 2 2 7..2123 222 .8093
2 .703 230,.65O 3 212 .1363
3 .OO3 232 .2503 204 .6953
5 0 0 93
1.703 215-.7213 185 .3293
1.8O3 224..420 3 197 »5 t 0 3
1.853 2 2 6..686 3 195 .4653
1 .913 2 2 8.110 3 206 . 1443
1.933 2 2 8..3323 207 .2783
1 • 953 2 2 8.4493 208 .3093
2 .003 2 2 8.3453 210 .4883
2 .053 2 2 7.7853 212 .1943
2 .503 2 1 8,.2343 214 .8363
rO .03 93
1 .703 215..0183 181 .4343
1 . 80 3 223 .1463 189 .3283
1 .Qc 0 . '-O 3 225..1323 1 91 .1993
1.913 2 2 6.2243 193 .8733
1 .933 2 2 6,.3373 1 94 .8003
1 .953 2 2 6.3453 195 .6263
2 . 003 225-■ 9713 197 .3083
2 .053 225..1453 198 .5373
2 .303 21 7 .•73 200 .63
8 .03 IO3
1 .703 21 4 .7993 178 .8173
1 .803 222 RRli 15J 186 .5403
1 .853 224..3553 188 .3253
1 .893 225..0693 189 .0273
1.913 225 .2253 189 .1 763
1 .933 225 .2643 189 .2093
1 .963 225 .1293 189 .0643
1 .993 224 .7913 188 . 7163
2 .153 220 •73 184 .53
2 .303 2 1 6.• 53 180 .03
I2 .O3 93
1 .703 214 • 790 3 177 .8583
1 .803 222 .4513 185 .5233
1.853 224 .2063 187 .2793
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63
1 .70 S 218 o o o : 197-.8963
3 .03 1.803 227 0513 21 1 O O P  "
1 .853 229 j l  CO r ■ 2 G 3 215-.9093
I .803 155 .4933 1 4 3.6153 1 . 90 3 220 2 1Q.
1.853 155 .660 3 1 43.1 1 8s 1 -953 231 5553 2 2 2..2723
i .903 154 .8593 1 41 . 1 1 03 2 .OO3 231 8 0 2: 224. 1 00 rI OJO
1• 953 153 152 : 137- 3563 2 .0 5 3 231 9O83 225-.372 3
2 .003 150 .5953 133. 544: 2 .1 0: 232 108: 225-.3933
.053 147 .2263 128.348- 2.153 232 466 3 225-.8593
< *0 3
2.303 233 7253 223-
It r7| j  - ‘ I ' DO .253 2.503 234 5503 213.,1113
2.703 234 5933 2 1 2.0 6 3 3
1.90s 204 .7103 192. 8 9 2; 3.003 233 733 3 204..1703
2 .1 0: 204 .910 s 187- 484:
2 .303 197 ►2993 173- 6 1 0: /' r  .- 0 jr IO3
2 .503 133 .466: 155- 546-
2 .703 164..1603 134. 683 j 1 .7 0 3 217..4853 191
3 .003 125 1 873 97- 785 J 1 .80: 2 2 6.413: 204..48° 3
1 -903 230..1313 2 1 2.G / -1' JO0 «"j 3 113 1 . 9 5  s 230. 215 .1 0 6:
2 .0 0 : 230..6243 217 .2283
1 .703 2 0 9.9503 194. 8 6 0; 2.053 230..084:j 218
0 h ^  -O
1
1
. 80s 2 1 8.
221 M i i ? 7 : •P§1|
2 .IO3 229 1713 220 .0403
■Table 6 . 1 (cont.)
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2.303 2 2 4.86O3 2 2 1.2 0C:




1,803 224.924: 1 n77 lino « 10/. U J  j
1.853 2 2 7.1 1 1: 2 0 1.5 1 5:
1.903 228.3003 2 0 4.8 9 2:
1.933 228 .6283 2 0 6.2 3 9 :
1.9 6 : 223.7173 207 .5593
1.993 228 .6023 208.6213
2 .0 5 : 227.8793 2 10 .4263
2.103 226.8873 2 1 1.4 7 6:
2.203 224.200 3 212.777'
2.303 2 2 0.9 3 0: 213.3373
2.503 214.5913 212.6933
2 .7 0 3 214.3373 0ht w ) 1 1 r / - r-i- > 5
3.00: 214.880: 2 0 0.1 7 0:* s
6.0
1 r~7f N, n' - 70 3
I » Oj y
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2.703 189*1 S73 i m  v p  1 ! .1 0  0  . / ^  I' 5
3 - 0 0 : 1 7 6 . 9 6 2 : 14-7.1453
12
n n  10
Oh
' ' n o .
op 03
185.5123
3 -53 1 4'
1 .703 2 2 0,.053311.803 2 2 8,.2973
1 -8 53 230.0
1.90: 2 3 2,.9133
1-953 QOO 6jj <.95 s *9
2 .003 234..94 63
2 .053 235.• '7 7;










■ ■ + 5 1iic
83










1 „ 5 ° 
1.90"
1,953








2 36 .5803  




2 3 2 .42 1 ]
223.071;









































2 2 2 ,
2 1 8,
213.
2 0 6 ,
-\ f Li 0 
,













1  ^p: oi * O y
1 .9O3
1 n  'D o
1 • yj 3
1 .9 6] 
1








-r O  n  ©
i •» O  3}
1 . 9 1 3
1 .93 3 
1 .953 
2 .0 5 3  
2.153
2 . 3 0 3
215.3923
223 .3503  
225.2493 























1 <0 »I O’J.


















1 O O  •  ~r 1 w  j








,0 0I<i O Oi< nr ,
1 88 
188 
1871 Q )iI 04
181










2 .5 0 : 








































8 8 .0 0 3| 
87.4023 
84.9453 

















2 2 8 , 
2 2 8 , 
2 2 8 , 
2 2 8, 
2 2 7, 
213,
Q 0































2 . 3 0 3
2 .503





220 .5393  
222.3113 
222.448J 












3 . 0 1 3 0 '
2 .0 0 "
52 o ■
6 0 9 :2 . 1 0 :
2 . 1 5 5
2 . 5 0 ^
i  -70 °1 » ! 'J 3
1 . 8 0 s






2 . 0 5 s
2 . 1 0 s
o  p n  ■>
2.#3 o j  
2 . 5 0 s
2 . 7 0 s 




2 3 3  
2 3 ' - '
2 3 4  




2 2 7 ,





- 9 5 0  s
6065
6 § 2 s 
0 0  3S




8 18 s 
4 5 1 ;
2 0 0 . 3 0 2  • 
2 1 0 .6 6 8s 
2 1 4 . 0 2 7 s  
4 7 1 : 







2 1 9  
21 £  




.0 9 6 ;  
. 6 0 1 1 
233  s 
, 0 6 7 s  
-263s 
■ 456-5
3 0 j l i
1 . 6 0 S
1 .70S 
1 . 8 0 s 
1 -90s 
1 . 9 5 S  
2 . 0 0 s 
2 . 0 5 s  
2 . 1 0 s 
2 . 1 5 5  
2.30s 
2.50 s 











,6 7 6 s
2 3 7
2 3 5 '
1 r \ ^  n
1 ' - ' 3  S 
3 3 7 S  
8 2 4 s  
S 0 7 S  
4 1 6 s 
7 4 8  s 
,872 s 
4 7 7 S  
1 . 5 1 5  
6 7 7 s  
7 1 3  S
1 8 4 ,
2 0 3 ,
213-
2 1 9 '
221 ,
2 2 2 ,






7 5 i s
0 4 5 S
Q P  P .( JOO j,
7 9 2 S
4 3 9 S  
4 3 3  s
9 0 1  s 
954s 
6 8 3  s 
6 0 0 - 
4 8 1  s 
1 1 1 S
605  s
2 1 8 . 5 5 4 s  
2 2 7 . 0 3 9 S  
2 3 0 . 3 5 9 S  
2 3 0 . 5 3 7 S  
2 2 3 . 8 7 7 S  
2 2 3 . 2 0 3 s 
2 . 5 0 s 2 1 7 . 7 2 9 S  
2 . 7 0 s 2 1 4 . 2 7 4 s
i .  , 0 s 
1 . 8 0 s  
1 . 9 0 s 
2 . 0 0  s
2 .1 0S
2.30S
5 . 0 s  
1 . 7 0 S
i • c «0 :
1 Or  0.  >5 y
3 - 5 S 15 s 1I
1|
.9 0 ;
o q  0. j j
1 . 6 0 s 2 0 5 . 2 0 2 s 1 8 6 . 0 4 7 s 1 . 90  s
1 .705 2 2 3 - 1 8 5 S 2 0 4 . 0 4 0 s 1 • 9 9 5
1 , 3 0 s 2 3 2 . 9 0 9 S 2 1 4 . 7 2 0 s 2 . 1 0 :1 O r  ,
1 • O p  y 2 3 5 . 7 3  5  s 2 1 8 . 1 2 6 s 2 . 3 0 s
1 - 9 0 S 2 3 7 . 6 2 3 S 2 2 0 . 5 6 1 s 2 . 5 0 s
1 . 9 5 5 2 3 8 . 8 1 1 s 2 2 2 . 2 0 8 s
2 . 0 0 s 2 3 9 - 4 8 7 S 2 2 3 . 2 1 5 S 6 . 0 s
2 . 0 5 S 2 3 9 - 7 9 9 S 2 2 3 . 7 0 7 S
2 . 1 0 s n p  p 0 r* .<6 n2 5 5 .  o 5u 3 2 2 3 . 7 3 5 S 1 . 7 0 s
2 . 1 5 s 2 3 9 . 7 3 4 s 2 2 3 . 5 3 4 s 1 . 8 0 s
2 . 2 0 : 2 3 9 . 4 9 1 S 2 2 3 . 0 2 7 s 1 . 8 5 5
2 . 3 0 S 2 3 8 . 7 8 6 s 2 2 1 . 4 7 0 s 1 . 9 0 s
2 . 5 0 S 2 3 7 . 0 5 5 S 2 1 7 . 2 7 0 s 1 . 9 3 5
2 . 7 0 S 2 3 5 . 3 7 0 S 2 1 2 . 7 3 3 S 11 .  965




2 2 7 ,

















3 0 9 S  
,091 : 
. 0 1 3 5  
' 5 3 3 :  
'257S
. 5 1 7 5  




• 0 8 5 S
1 9 4 ,
204,
2 0 9 ,
2 1 2 ,
213'
2 1 2 .




1 9  0 
2 0 0 , 
203
204,
2 0 5 .
205.
2 0 6 , 
2 0 6 , 
204
1 2 4 :  
0 8 8 s  
7 4 3 S  
2 9 7 S  
65  4  S 
686 s 
4 1 0 :  
8 7 3 S
2985
807s
.9 2 0 :
,2 1 0 s
, 2 5 8 s
■ 0:985
130
1 Q O I




, 9 7 4 s
3 3 4 :
,0 6 7 :
165 s
040: 












00 .0 ; 103
1 .703 21 4 .5705 178. (ZQr » O O y c
1 - 222 .5713 136 384:
1 Or «. o 5 1 2 24 .3 a ; 1 000 1433
1 .393 225 .0363
.noI OO 8023
1 225 ■t 0 1 0. 1 0 1 3) . not OO 9093
1.933 225 .2093
.on
1 Ou 86 7 3
1 OCT 0 225 . Ijl; ■> on1 UU 6393
2 .053 223 .5053 186. 5 0 2 :
2 .153 220 .4983 184. 1 r7R 0
2 .303 214 .7513 180 QPO ry*- ;
2.03 1 0 0
1 .703 21.-4 .7913 177 8333
1 .803 222 .4473 185 496 3
1 Or ,• 05 3 224 .1993 187 .251 3
1 89 : 224 * -73 3 187 .9283
1 .91 3 225 .0093 188 ,0 65:
1 .933 225 .0283
. 00 1 GO .
1I• 953 224 .9423
.noI OO .001;
2 .053 223 .2703
.00
1 OO .33o;
2 .153 220 . 2 1 7 ” 183 .289;


















194 .090  
2 0 0 . 





















3 ,003 232 .5613 196 .5273
2 O 0- 153
1 . 60 3 195 .81 83 172 .2 3 9 ;
1.703 216 .7263 192 07R ®• y (J i
1 .8 0 ; 2 2 8,.9813 204 .9 2 2:
1.903 235 .9863 21 1 .1 123
1 .953 2 3 8,.2003 212 .730 3
2 .003 239'.7993 213 .7693
2 .053 240,.9183 214 .2333
2 .103 241 ,.6643 214 .2953
2 .153 242,.121 3 21 4 .0533
2 .2 0 ; 242,.3563 213 .5853
2 .303 242,.3603 212 .1993
2 .40: 241 ,.9793 210 .4713
2 .503 241 ,.4033 208 .5753
2 • 753 2 3 9.6513 ' 204 .3 6 6:00 .0 0 ; 2 3 7.7813 202 .264;
0G .0 ; 1 63 -
1 . 60 3 2 0 3.4473 180 .1523
1 .703 2 2 2.OO 1 0► : O I j 197 .7783*!1.8O 3 234..189” 209 .215”
1 .853 237..7133 2 1 2 .3053
1 .903 240..2373 215 .274;
1 .953 241 .9943 216 .3591
2 .003 243.. 162 3 21 7 .7563
2 .053 243..8773 218 .122;
2 .103 244..2443 2 1 8 .0303
2 .153 244.> 34o3 217 .729 3
2 .203 244..2473 217 .1473
2 .303 243..6413 215 .524;
2 .403 242.,7093 213 .5 6 8;
2 .503 241 .,6283 211
2 .753 2 3 8.■ 8433 206 .4-43;









2 .0 5 3









































1., 60 3 204,.3773 184 . 1 22 3
1.703 221 .5113 200 .0283
1.,803 230 .3673 208 .9253
1.853 232 .7293 21 1.5533
1,.903 234 .1113 213 .2853
1.-953 234 .73 63 214 .3033
2 ,.OO3 234 .7843 214 .7603
2 ,.053 234 .3963 214 .7803
2 .IO3 233 .6843 214 .4673
2 .153 232 .7383 213 .9053
2 ..203 231 .6313 213 .1583
2 ,.303 229 .1743 21 1.2733
2 ,.503 224 .3093 206 .6203
2 ,.703 220 .2013 201 .69230j .OO3 215 .5293 194 .8813
4,• 5 IO3
1,.603 201 .9803 179 .9893
1,.703 218 .6573 195 .3083
1.8O3 227 .0273 203 .9503
1 .903 230 .2443 208 .3353
1.953 230 .590 3 209 .437 3
2 .003 230 .3483 210 .0093
2 .053 229 .664; 210 .1623
2 .103 228 .6513 209 .9893
2 .303 222 .9083 207 .2813
2 .503 216 .7053 203 .1 1 2;













228 .1303  
228.0893 
227.8473 


















2 .1 0| 






























2 2 3.148. s 
2 16 .0033









214 .8633 178 .7403
222 .5493 186 .4193
224,.3163 188 .1593
225..002 3 188 . 7873
225..1443 1 op 1 UO .8743
225,.1693 188 .8115
2 2 5 ,.O883 188 .5873
223,.4463 184 .4153
2 2 0 ,.4233 183 .6 783
214,.6593 180 .3743
IO3
214..790 3 177 .8383
2 2 2.4453 185 .5013
224..1963 187 .2563
224..8703 187 .9333
2 2 5..0053 188,.0703
2 2 5.0243 1 8 8,.0903
224.• 9373 1 8 8,.0053
223..2643 1 8 6,.340 3














151 .9493 131 .5173
169 .3543 167.8523
188 .4883 176.1053
201 .3663 179. 572 3
210 .0453 1 8 0.4403
216 .6583 177. 2303

















T a b l e 6 . 1 ( c o n t . )
1 .705 1 9 7 . 0 9 5 S 1 8 5 , 3 1 2 s 1 ,. 8 5 s 239 . 6 5 2 5 2 0 4 . ,6225
1 • 9 0 s 220 - 7 5 2  s 1 9 8 . 4 7 1 s 1 ,. 9 1 S 2 4 2 .0565 2 0 6 .,2865
2 . 1 0 s 2 2 9 . 9 9 7 S 1 9 9 . 7 7 5 S 1 ,. 9 5 S 243 . 0 5 2 S 2 0 7 .3 5 7 5
2 . 3 0 s 2 3 3 . 5 3 6 s 196 . 4 3 4  s 2 , n o  * 2 4 3 . 7 / I S 2 0 8 . 3 9 8  s
2 . 5 0 s 2 3 4 . 6 7 2  s 1 9 5 - 5 7 7  S 2 .■ ° 5 S 2 4 4 . 0 4 l s 2 0 8 . 9 0 7 S
2 * 7 0 s 2 3 5 . 1 0 3 s 1 9 6 . 2 6 2  s 2 ,, 1 0 s 2 4 3 . 9 7 4 s 2 0 8 . 8 9 4 s
3 .005 2 3 5 . 2 b 3 S 1 9 2 . 4 0 5  s 2 ,. 1 5 5 2 4 - 3 . 6 5 5 5 2 0 8 . 4 6 9 5
2 ,, 2 0 s 2 4 3 . 1 4 9 5 2 0 7 . 7 4 2  s
2 • 5 S 16  s 2 .. 3 0 S 2 4 1 .761  s 2 0 5 . 7 0 1 5
2 ,, 4 o s 2 4 0 . 0 9 5 5 2 0 3 . 2 4 4  s
1 .6 0  • 1 9 3 - 8 9 3  s 167 . 8 2 3  s 2 .■ 5 0 s 238 • 3 2 0  s 2 0 0 . 6505
1 • 7 0 s 2 1 4 .  8 4 0  s 1 8 7 . 2 0 7 s 2 .- 7 5 S 2 3 3 . 9 6 7 5 1 9 4 . 4725
1 .803 227 • 3 3 1 S 198 . 4 9 4  s 3 . ,00  s 230 . 1 0 3 5 1 8 9 . 3 2 7 5
1 - 8 5 s 231 . 4 4 1  s 201 . 7 5 2  s
1 • 9 0 s 2 3 4 . 5 3 2  s 203 . 8 9 3 S 0 j  -.25 1 3 5
1 . 9 5 S 236 .821  s 205 . 1 6 7 S
. 6 0 s . 4 4 7 S ' 1 3 2 .2 .005 2 38 . 4 8 3 S 205 . 7 7 4  s 1 . 208 1225
2 . 0 5 s 2 3 9 . 6 5 2 s 205 .8 7 2  s 1 .■ 7 0 s 226 . 2 1 7 5 1 9 8 . 1 3 2 s
2 . 1 0 ° 2 4 0 .  4 3 7  S 205 . 5 8 9 S 1 .. 80  s 235 . 9 6 7 5 2 0 6 . 1 9 9  J
2 . 1 5 S 2 4 0 . 9 2 3 S 205 . 0 2 2 s 1 .. 9 0 s 2 4 0 .7265 2 0 9 . 1 665
2 . 2 0 S 2 4 1 • 1 7 7  S 2 0 4 . 2 5 0 S 1 .. 9 5  S 2 4 1 . 8 5 9 5 2 0 9 . 4 6 5 5
2 . 3 0 S 2 4 1 . 1 9 6 s 202 . 3 0 7 S 2 .. 0 0 ° 2 4 2 . 3 9 6  s 2 0 9 . 3 9 8 s
2 .405 2 4 0 - 7 9 7 S 200 . 0 4 9 S 2 .. 0 5 5 2 4 2 . 4 7 2  s 2 0 9 . 201 s
2 • 5 0 s 2 4 0 - 1  6 5 S 1 9 7 • 5 9 7 S 2 ., 1 0 s 2 4 2 .2035 2 0 8 . 3 7 8  s
2 * 7 5  s 238 . 2 6 7 s 1 9 5 . 0 3 2  s 2 .. 20  s 2 4 0 - 9 9 3 5 2 0 7 . 5 5 2 S
3 . O s 236 . 3 6 7 S 1 9 3 .021  S 2 ,. 3 0 S 2 3 9 .2765 2 0 5 . 4 1 1  s
2 ., 5 0 s 2 3 5 . 3 2 2  s 2 0 0 , 1 5 0 s
2 .8  s 1 6 s 2 .. 7 0 S 2 3 1 . 4 3 3 5 1 9 4 . 9015
3  •, 0 0 s 226 . 3 4 2  s 1 3 8 . 2 2 3 5
1 . 6 0 j 206 . 3 0 2  s 1 76 . 5 1 4  s
1. 7 0 s 2 2 4 . 8 9 2  s 1 8 9 - 6 0 8 s 3  -. 5 5 1 5 S
1 . 8 0 s 235 - 6 1 5 s 1 9 7 .621  s
1 8 3 . 11051 • 8 5 s 238 - 9 7 ^ 5 201 . 6 6 9 s 1 .,60  s 207 . 1 3 0 5
1 • 9 0 s 2 4 1 . 3 3 6 s 2 0 4 . 8 5 7 S 1 .- 7 0 S 2 2 4 . 6 4 o s 1 9 8 . 9 0 7 5
1 .9 5  s 2 4 2 • 9 2 7 S 206 • 9 4 5  s 1 ., 8 0 s 2 3 3 . 9 3 8  s 2 0 7 . 1 0 4  s
2 .0 0  s 243 - 9 2 5 S 208 • 1 0 9 s 1 ,.91 s 2 38 . 4 2 3 5 2 1 0 . 608  s
2 . 0 5 s 2 4 4 • 4 6 7 S 208 . 5 7 ^ 5 1 .. 9 5 5 2 3 9 . 0 8 3 5 2 1 0 . 9 2 4 s
2 . 1 0 s 2 4 4 . 6 5 7 S 208 • 5 2 3 S 2 ., 0 0 s 2 3 9 . 3 9 8  s 2 1 0 . 806  s
2 . 1 5 S 2 4 4 ■ 5 7 8  s 208 .  088  s 2 ,, 0 2 s 2 3 9 . 3 9 4 s 2 1 0 . 6325
2 . 2 0 ” 2 4 4 . 2 9 5 S 2 0 7 • 3 7 2 S 2 .. 0 5 s 2 3 9 .271  s 2 1 0 . 2 5 3 5
2 • 3 0 S 2 4 3 - 3 1 2 s 205 . 4 o 4 s 2 .. 0 7 5 2 3 9 , 1 2 2 s 2 0 9 . 9 3 5 S
2 . 4 0 ° 2 4 2 .0 0 2  s 2 0 3 . 0 6 7 s 2 ., 1 0 s 238 , 8 0 9 s 2 0 9 . 3 8 0  s
2 . 5 0 s 2 4 0 • 5 4 5  s 200 .  6 2 6 s 2 .. 1 o s 238 . 0 9 5 5 2 0 8 . 3 0 4  s
2 • 7 5  s 236 . 8 5 3 S 1 9 4 • 8 7 4 s 2 ,.305 2 3 5 , 0 6 4 s 2 0 4 . 6265
3 . o s 233 . 4 8 2  s 1 9 0 . 4 2 3  s 2 ,.505 2 3 0 .451  s 1 9 9 . 1 4 0  s
2 ,. 7 0 s 226 . 1 2 3 5 1 9 3 . 6905
3 . 0 s 16 s 3 . .005 220 , 6 4 0  s 1 8 6 . 6 8 9 5
1 . 6 0 s 208 • 3 0 3 S 180 - 3 5 3  S 4 , . O S 1 3 5
1 
1 ,: 3 8 j
2 2 6 ,
2 3 b .
. 4 2 1  s 





1 .6O 5 204 .  1 14; 182 .7 2 0;
1• 70| 221 .3 2 2; 197 .310;
1.80: 230 .147; 205 .723;
1-915 233 . 9 8 8; 209 .219;
1.95; 234 .399; 209 .584;
2 .0 0,° 234 .401 ; 209 .556:
2 .055 233 f-s 1—7 r,• 9 0 1; 209 .105;
2 .10; 233 .2 1 0; 208 .332;
2 .205 231 .0 6 0; 206 .133;
2 • 3; 228 .454: 203 .433;
2 •5; 222 .949; 197 .642:






■21 1.9 0 6; 134 .907;
4 .53
cO
1 .7 0; 218 .6 6 9; 195 .440:
1.8 0 ; 227 .111; 203 .135;
1 .855 229 .241; 205 .2 2 8;
1.9 0s 230 .37 7; 206 . 4 7 0;
1• 95s 230 .744; 207 .044;
2 .o°s 230 .523; 207 .0 9 8;
2 .0 5 ; 229 .8 6 0: 206 . 743;
2 .15; 227 .645; 205 .196;
2 .3 0s 223 .2 0 2; 201 .6 6 9;
2 80 0 . J y 21 6 .9 1 6; 196 .2 2 0;
5 .05 1 i;
1-70; 216 .9 6 0; 192 .2 6 6;
1.8 0; 225 .114; 199 .830;1i.91; 228 .  180; 203 .313;
i 08  a * J a 5 228 .2 9 0; 203 .587;
1• 95; 228 .2 9 6; 203 .7 70;
i.98; 228 1 8^: 203 .899;
2 .0 0 ; 227 . 9 2 0; 203 .9 0 0;
2 .051 227 .0 9 8; 203 .651;
2 • o : j 224 .546; 202 .353;
2 Q Q  » •  U ^ 9 219 rr £  0*  9 0 )  1  p 199 .2 6 8;
2 *5; 212 .523; I  yH-.4 0 7;
6 0 ° 10;
1.7 0; 215 .390; 135 .0 3 7;
1.80: 000a a _ j .2 2 8; 192 .5 7 9;
1 .91; 225 .989; 1 95 .904;
i
.  93: 225 .044; 196 .158;
1 - 959 225 .993; 196 • J J 1 p
1.98; 225 .742; 196 .462;
2 .0 0 : 225 .4 7 1; 196 .473;
2 .05; 224 4or a 196 .2 8 2;
2 .15; 221 .6 1 0; 195 .2 2 6:
1.6
2 .30; 21 6 .0 6 1; 1y<— .7 12;
O .0 ; 9 ;
1.70! 214,• O5 6; 1 I— r O7 0 . 947;
1.80; 2 2 2,r* 0  O «ojt-; 1OO 0 I, . jUuj
1 .8 9; 224,.9 8 7: i88 o p  0 .  ' O ' -  1 2
1.9 1; 225-.128; •1 n1 C ■9.0 0 3;
1 . 33: 225-.152; 10  00 0 r ' O  ^  n♦ 30>-p
1 . 95: 2 2 5 ,.0 7 1; 1 0 ^Ou * 733;
1 .98; 224,■ 774; 1 "OO .197;
a .10; 2 2 2,039 0 184 .459;
02 .30; 214, O  0 . 0 2 O  jj 180 .4 3 2;
12 .0 ; O nU p
1 .70; 21 4.• 39; 177 . 8 6 0:
1 .8 0 : 2 2 2, 444: 1Qc u u .524;
1.89: 224,.8 68; *IO r j07 -957;
1 .91; 2 2 5.0 0 3; 1OOOo .094;
1 93: * y-> 2 225 -.0 2 2; ■J 0  0GO . 11 4:
2 O c 0 . u  D 2 223..2 6 2; 185 .365;
2 .15; 2 2 0.2 0 7; 183 .319;
2 .30; 214..397; I 77 .521;
K+NaCl angle= 108 deg;
2 0 0a , ^  r> 7;
1 70 .1 . / 0 „ 169.509; 1 5 9.0 7 1;
1 o0 0 1 • 3 5 1 8 9.9 6 1; 1 8 0 . 3 3 9 ;
2 .1 0: 204.351; 1 8 2.6 3 8;
2 .3 0 ; 2 1 2 .108; 181.536;
2 .5 0; 216.595; 17 8 . 4 1 5 ;
2 .7 0 : 219.379; 175.192;
3 .0 0 ; 2 2 2.2 1 9; 169.494;
2.25; 0 ;
1 .70: 193.850; 194.2 -2 :
1 .8 0; 2 1 2.5 0 6; 193.192;
1 .90; 2 2 0.442: 1 9 8 . 4 1 5 ;
2 .10; 225.723; 1 9 5.0 7 3;
2 .30; 2 2 7.8 6 0; 1 3 9.7 3 3;
2.50; 227.348; 135.048;
2 .70: 226.457; 179.653;
3 .0 0; 225.410; 1 6 8.5 2 1;
2 .5 ; 13;








2 .0 5 ;
p in.








1 .8 5 ;
1 .90; 
1 .95-1 
2 .0 0 ; 






2 .70 ^ 
3.00;
.2 ;
1 .6 0; 
1 .7 0; 
1 .80; 
1 .90: 
1 . 9 5 ;
213,.6 6 0; 193 Oil 7 0 * 0 r 1 5
228..248; 198 .303;000 6-JJ ,.2 5 5 ; 199 .6 1 1;
poll C n "7 a» 5 ^2. j 199 .398;O O T0 J8) <i;p it 0? i .—. r rs 193 .943;
235 <* ( (l 198 .100;
235-.806; 196 .929"
235.,21 1; 193 .978;
234..107; 190 .658;
231 ,.339; 184 .160;
228..786; 179 .848;





1 .7 0 ; 224..224; 189 .675;
1 ,.8 0 ; 233 <.100; 196 .0 1 1 ;
-!
f ,. 9 0 ; 237..358; 197 OH7 " • - ~ i D
1 ,.95; 238..334; 196 ,7 0 R -
2,.00: 2 j u . 764; 195 .446;
2 ,.05; 0  0  p  2p>0.- °s 193 - 755;
2,. T O ; 238,,468; 192 .0 0 8 ;
2..20; 237..281; 190 .2 3 2 ;
2,.30; 235..647;
1 0 0
I GO .5 6 3 :
2..50; 231 .389; 182 .884'
2, 70 *» ( 0 228..284; 176 • 942 j
O
J «.00; 223-.7 90; 170 .0 8 5 ;
4;
1 4 "i-13
2 0 8 .3 4 -5 |  
2 2 4 . 4 1 9  j  
2 3 2 . 9 4 1 :  







2 .00; 237 -Op, -j r.> u 9 1 ;
2 .0 5 ; 237- 70 0 0■ (0 :;
2 .10: 237..2 7 0 ;
2 .15; PPfo ► 5 y j
2 . 20: 00 r~ . 59;
2 .30; 233- CIlP*»














2 1 8 ."95 
227.132:





10° 'O "l »- *533:
197.31









532; 173 - 450;
373; 189.8 7 2 ;
CP 1 "PG I 5 1 9 8.130;
2 1 7 ; 2 0 0 •1 9 6 ”
576; 201 .2615
2 2 5 ; 2 0 1 .5 4 5 ;
3 3 1; 2 0 1 .2 2 7 ;
0 2 7 ; 2 0 0 .4 5 0 ;
415; 199.3 3 1 ;
577; 1 27*9 6 1;
574; 1 9 6.4 1 5;
2 6 7 ; 193*013;
275; 135.967;
58b ; 179.530;
726 ; 1 7 1.482;
1 .7 0 ; 2 2 0 .4 6 9; 192.575;
1 .80; 229.414; 2 0 0 .105;
1 n r -i . o5 5 2 3 1 *735; 2 0 1 .9 6 2;
1 .90; 233-046; 2 0 2 .9 2 7 ?
1 .95; 233*586; 203-145;
2.00; 900 o o Q -j 202.304;
2.05; 2 3 3 .0 5 1 ; 2 0 2 .0 3 3;
2.10: O O  0 0cLj)d. • G'-rC , 2 0 0 .9 3 8;
2.20; 229.993; 1 9 8.0 9 0 ;
2.30; 2 2 7 .3 0 1 ; 194.753;
2.50; 221.644; 187*737;
2.70; 216.402; 1 8 1.177;
3.00: 2 0 9 .8 8 2 ; 172.937;
1 9 3
200
p n pac j
749;
77O ;














1 Q  o  r-7/f 1 7 „i OO . |Uf;
182.413; 
1 7 -^ - 31 35
1.95; 224.93C5 
2 .0 5 : 2 2 3 .2 " 
2 .1 5; 220.21 1 5
2 .3O 5 214.402r








1 .93 ; 
1.965












o o P - -
031
o t>ooO
2 2 7. 
2 2 5 . 
































1 .80  
1 .9 0; 
1 . 95
2.05'
a n g le =  120 de 0 ;
2 .2 0 :
6 .0 ; 5 2.30:5
2.40;
1 .7 0; 215-5175 137.224;
1.305 223-412; 194.7505 3.0;
1.8 5 ; 2 2 5 .2 3 6 5 196.642;
1.905 2 2 6 .167; 197.6725 1 .7 0;
1 - 73 5 226.314; 1 9 7•?6 6; * 0 /• \ _1 . oO 5
1 -96; 2 2 6 .2 2 5 ; 1 9 8.0 6 2 ; 1 .3 5 ;
1 .99; 225.9355 197.9925 1.905
2 .10; 223 .6045 196.714; 1.955
2.305 216.7355 192.2955 2 .0 0 ;
2 .O95
8 .0 ; 105 2 .10;
2 .2 0 ;
1 .705 2 1 4.875; 179.444; 2.30;
1 ,30; 222.565; 137.108; 2.50;
10 55 224.334; * O 0100.0305 2.705
I • . 225.0215 189.4555 3 .0 0 ;
1.915 225-164; 1 39-556:;
1 Q O 01 « yj 3 225 -1905 1S9.532J O O *J> ' J>2
1 .955 225 .1115 1"9.3983
2.055 223.474; 187-5333 1 .605
2.155 220.4575 134.930 5 1.705
2.305 214.704; 1 8 1.4015 I . O 5
1 .9550cu 10; 2 .0 0 ;
2.05;
1.705 2 1 4 .7 9 0; 177.9045 2 .10;
1 .305 2 2 2 .445 5 185.5693 2 .2 0 ;
1 .855 2 2 4 .196; 187.3265 2.305
1 .095 2 2 4 .8 7 0; 188.0035 2 .5O 5
1.915 2 2 5 .0 0 6 ; 1 933 • 14l 5 2 . 705
1.935 225.024; 18 8 .1o2 5 3 .0 0 ;
216.115;




2 2 2 .9 9 4; 
220 .6555  
218 .0555  









2 1 6, 
21 1 , 
2 0 6,
1 2;
2 0 7. 
221 . 
2 2 8. 
231 . 
231 . 






2 0 8 .
^2Q ; 








6 6 7 ;
,9425
5055O 3 o - ' 3 J $
,693;


























1 60 5 

















‘ ' 3 
<■ 



























O O O  n 
O  7 Q  O




3 ,. 5:' ^  j 153
1 .T '79 207
1 .703 221
1I <.8° 3 229
I -. 85 3 230
I <,0 0 ?- 231
1 ..953 232











1 00"1 • 3 
2.00 = 



































JlOi o rO I 0
96
217.240J 










1 .70? 220 .0183 186.8533
1.80 3 228.153? 193.42531 Qc 0 ! .Ujn 2 30 .2183 194.8293
1 .90? 231-3373 195.334?1 OR ■> i .bOj 231.7293 195.1393
2 .OO3 231.5693 194.4013
2.053 230 .9983 193.2403
2 .1 0? 230 .1223 191.7633
2 .2 0 3 227.7373 188.3193
2.303 224.8953 184.5723
2.503 219.0773 176.5423
2.703 213.7473 1 6 8.8 Jo 3
3 .OO3 207 .1193 159.0493
4 c;» '• y 3 73
190.6323 
1 97 * 1 73 3 
199 . 1 1 2 3




































2 .0 5 ?
2 .153





























« Q n* 0 1 JO
1 .703 215..918? i o9 •0563
.30? 223.-938? 1 9 6.354311 8 7 ”. )j y 225,. 8713 198. 1053
1 on"• yO« 2 2 6.8203 1 9 8.9713
1 -933 2 2 7 ,0 0; 199. 1533*1i.96? 2 2 8.$ 54 199. 1293
1 .993 2 2 6.71 C “ > 1 1 - 3 198. 928?
2 .IO3 224.87' 197. 0973
2 00 “ 2 1 8,.0 58 3 191 .lion.4ou 5
00 .03 1 0?
1 .703 214.-938? 1 8 0.257 3
1 .8O3 2 2 2..6523 1 Q-7 I U  ( .994?
1 Of 0.ubj 224.- 733 3 1 99 .78O 3
f O © r. Ob 225-.1313 190. 482?*11 .91 ? 225..2 8 0? 1 9 0 .835 3
1 .933 225..3113 190. 8753
i .953 225-.2373 190. 6153
2 .053 223..6 2 9? 1 Oni ub .0 0 0 «
2 .153 220,
6 !i 0 o•o43 1 8 6.9 0 7:
2 on .- O u 214.• 9^ -3 j 183. 083:
12.0 3 IO3
1 7 7





186 1 00 i 00
1 7 7
. 9 6 3 3•Coo . 
'I Q r- JOJ-b
, 0 61 



















1 . 9b 5 
2 . 0 0 ;  
2 . 0 5 :







2 .0 0 3  
2 . 0 5 s  
2 . 1 5  S 
2.30s
1 . 6 0 ? 
1 . 7 0 s  
1 . 8 0
1 O n  .
! . , 5  s 
1 . 9 0 s 
1 .95s 
2 . 0 0 s 
2 . 0 5 s 
2 . 1 0 s 
2.30s 
2.50s
7 . 2 ;
7 0 s
8 0 s
O |T oco D
g o ;
1 . 9 5 S  
2 . 0 0 ; 
2 . 1 0 s 
2 . 2 0 s 
2 . 3 0 S  
2.50S 
2.70S 
3 . 0 0  s
4 . 5 1
1 . J O j  
1 . 8 0 ;
o r p  p . c o t  ° • C >p 1 j
202.326:
2 0 0 .7 1 9:






2 2 4  





22  P, 
22 Q ‘ 
2 3 0  
2 3 0  




r~7 r *\ .• _








.320  s 
. 6 7 0 : 
,2 1 1 : 
’637s 
,2 1 6 : 
, 1 4 8 :  
,590  s 
, 663  S
J I g  1 n 
! „gg o221.166., 






2 3 0  
229 
227  
2 2 5  
222 




. 2 2 8 s
. 7 5 0 ;  
. 4 6 9  s 
. 2 5 6 : 
- 3 4 2 ;  
.904s 
. 9 6 5 S  
, 1 9 1 S
,0 2 5 :
4 5 0 :  
263S 
2 7 5  S
2 1 8 . 3 0 4 :  
2 2 6 . 6 4 ( 1 $  
1 . 8 5 S  2 2 8 . 7 0 3 :
1 6 5 . 9 5 2 " 
1 6 3.8 0 1 ; 
1 6 1.099" 





1 7 7  
1 7 6 , 
1 7 4 ,
1 7 2  I 1  c .  ■
1o 7
1 5 9 .
1 6 5
1 7 9
1 8 5  
1 8 6 ,
C- r-7 
1 7
1 8 6 . 
1 8 5








2= 2  ii °
337S
O  1 h o  U l H j
8 9 5 S
5 2 3 S
,282S
-6 3 8s 
,808  s 
,0 2 0 ; 
, 4 8 8  s 
3 3 4 :
O  | ( J .
. 0 4 4  .
9 7 8 :
’ 7 6 7 S  
8 8 8 ;
8 2 . 4 6 6 s  
3 8 . 5 9 9 S  
8 9.8 0 3 : 
9 0 . 0 6 7 S  
3 9 . 5 9 8 s  
8 8 . 5 6 6 s
Ojr 00*0 o ,• * .>ii—2
8 1  . 1 2 1  :
7 ' .
66.882; 
r- r-7 o  1-7O 7
0 ! • o / o «,
45.968s
1 8 6 . 3 3 0 :
1 9 2 . 2 7 7 s
1 9 3 • 3 9 8 :
1 Q 0 0» -  .5 2 2 Q 7 [ T 7  *
1 . 9 5 S 230 . 0 3 2  s
2 . 0 0 ; 2 2 9 . 7 2 7 S
2 . 0 5  s 228 . 9 9 1 S
2 . 10 : 227 . J  ■ U 5
O
d . 2 0 ” 2 2 5 . 2 4 7 ;
2 . 3 0 : 222 .  14 1  :
2 . 5 0 : 2 1 5 • 7 4 0 :
2 . 7 0 S 209 . 8 1 9 S
0 . 0 0 s 202 . 3 1 1 s
5 . O S 1 0 ;
1 . 7 0 : 21 7 . 3 2 0 $
1 . 8 0 ” 2 2 5 ( 0
1 O r~ 0 . Up . 228 . 0 2 0 ;
1i . 90  s 2 2 9 .181  S
1 - 9 3  5 2 2 9 . 4 9 5 S
i1 . 9 6 : 229 • 5 7 3  s
1 . 9 9 S 2 2 9 .451  ;
2 . 1 0 S 2 2 7 . 7 1 6 :
2 * w) ^  9 221 0 0 0 ^. o b 3  S
2 • 5 0 3 2 1 5 . 3 0 4 :
g
0 ('\ ft a y q ;
1 . 7 0 S 216 . 3 6 9 S
1 . 8 0 s 2 2 4 . 5 6 7 S
1 . 8 5 S 226 . 5 9 9 S
1 • 90s 227 . 6 4 4 :
1 . 9 3 S 2 2 7 . 8 9 2  s
1 . 9 6 ; 227 . 9 0 6 ;
1 - 9 9 S 227 . 7 2 0 ”
2 . 1 0 s 2 2 5 . 7 8 6 ;
2 . 3 0 S 2 1 9 . 6 5 1 :
QO . 0 s 1 0 s
1 6 56;
*1 0 9I ^ 0
1 . 7 0 S 2 1 5 . 0 5 3 S
1 . 8 0 ; 2 2 2 . 8 0 7 s
1 . 8 5 s 2 2 4 . 6 1 0 s
1 . 8 9 S 2 2 5 . 3 2 6 s
1 . 9 1 S 2 2 5 . 4 8 3 S
1 - 9 3  S 2 2 5 - 5 2 4 - s
1 - 9 5 S 2 2 5 . 4 6 0 s
2 . 0 5 s 2 2 3 . 9 0 3 S
2 . 1 5 S 2 2 0 . 9 7 4 s
2 . 3 0 s 2 1 5 . 3 7 2 :
1 2 . 0 s 10 s
1 . 7 0 S 2 1 4 . 8 0 2 s
2 9 S  
192.257 
1 9 0 .
1 8 9 .
.124: 
. 8 3 C
I  -






1 3 9 .
1 9 5 .  
1 9 7 -  
1 97- 
1 9 7 .  
1 9 7 -
196, 
1 9 3 -  
1 3 5 .
1 7 6 .
139. 
1 9 6 , 
1 9 8 , 
1 9 9 ’ 
1 9 9 ’ 
199, 
198, 
1 9 6 , 
189.
3 5 5 S  
5 7 4 ;  
,029;
7 6 1 S 
9 2 7 S  
1 5 9  S 
502s 
365.5
0 1 3 :
, 4 8 0 :
3 8 5  s 
3 6 4 ;  
5 7 1  j
Q )\ Q o 
- O  L r J  n
918s
’ 5 3 0 ;  
,2 2 9 ;  
,300  s 




1 8 1 . 3 9 2 s  
1 8 9 . 2 2 7 S  
191 -089 s 
1 9 1  . 8 7 2 S  
1 9 2 . 0 7 1 s
192.161 s
1 9 2 . 1 5 4 s
191 .041 s
1 8 8 . 8 6 7 s




1 .8 0J 222.461j 1 8 5.7 0 0j 
1.355 224.214; 187.4585
1.895 224 .8 90 5 188.1385
1 .915 225 .0265 188.2785
1.935 225.0465 133.299“
1.955 224 .9605 188.2165
2 .0 5 “ 2 2 3 .2 9 2 :; 1 8 6 .559 5
2 .155 2 20 .2435 183.5215
2 .3 0 5 214.441 5 177.7345
K+NaCl angle= 150 deg5
3 .05 65
1 .8 0 : 140.8675 116.7245
1 .855 134.1295 109.8995
1 .9 0 : 127.0965 102.3935
1 .955 119.7085 94.4505
2 .OO5 1 11 .1025 85 .1225
2 .055 101.2275 74.5635
3.55 95
1 .6 0 *j 203.5865 150.9695
1 .705 210.8385 161 .5115
1 • 75 5 211.8445 163.7285
1 .805 2 1 1.5475 164.4975
1 .855 210 .2245 164.0845
1 .905 208 .0755 162.6475
1 .955 205 .2455 160.3645
2 .OO5 2 0 1.3535 157.4245
2 .055 197.9925 153.9895
4 .O5 135
1 .605 213 .3205 161.3095
1 .705 223.9515 173.4235
1 .755 226.6245 176.4545
1 .805 2 2 8.0 2 9,° 177.9885
1 .855 223.4355 178.3255
1 .905 228.0525 177.7125
1 .955 2 27 .0465 176.3505
2 .OO5 225.5495 174.4125
2 .055 223.6645 172.0525
2 .105 2 2 1.475“ 169.3825
2 .2 0 5 216.4405 163.3485
2 .3 0 5 210 .8305 156.6585
2 .5 0 5 198.7375 142.4935
4 2 0 r • 0 3 10 -
1.6
1 .605 209 .5935 167 .2625
1 .705 223 .5595 179 .6105
1 .805 229 .5785 184 .640 5
1 .855 230 .6915 1 n r1 85 .2785
1 .905 230 .9315 185 .0035
1 95:. j j 3 230 .5055 184 .0105
2 .055 228 .2525 180 . 466 5
2 .15 5 224 .8085 175 * J 1 J 3
2 .305 218 .4765 1 66 .9403
2 .505 209 . 1 445 154 .4903
ii.5 5 IO5
1 . 60 5 205 .1745 170 .3563
1 .705 221 .0315 182 .7853
1 .805 228 .452 5 187 .9663
1 85 °» ■  j3 230 .0925 188 .7093
1 .905 230 .7685 188 .5583
1 .955 230 .7115 187 .7063
2 .OO5 230 .1 0 2: 186 .3103
2 .IO5 227 .7505 182 .3563
2 .305 220 .724; 171 .9893
2 .505 212 6663 160 .5233
4 .75 85
1 .705 218 .841 3 185 .2543
1.855 228 .9623 191 .3973
1 .905 229 .9 2 6; 191 .3323
1 -955 230 1221 190 .5743
2 .005 229 -7303 189 .2813
2 .105 227 .7703 185 .5643
p .305 221 .4793 175 .7 6 8;
2 .505 214 • 2983 165 .0473
rj . 0 j 115
1 .705 217 .4663 187 .8003
1 .8O5 225 .9133 193 .4103
1 .855 228 .0363 194 • 3573
1 .905 229 .1543 194 .4143
1 .935 229 .4373 194 .1043
1 .965 229 .4823 193 .5823
1 .995 229 .3233 1 02 .8793
2 .055 228 .5163 191 .0323
2 .155 226 .1703 187 .0393
2 .305 221 .4823 179 .9243
2 .505 214 .7663 169 -8793
6 .05 IO5
1.705 216 .8393 190 % C -
Pr 0
94
Table 6.1 (cont. )
1.80 j 225 .161 3 196. 80 8 3
1 .853 227 .2533 1 9 8.2423
1 .903 223 .3583 193. 7563
1.933 228 .6403 198. 71 13
1 .963 228 .6883 198..4473
1-993 228 • 5353 197. 9973
2 .053 227 ■ 7483 1 96.646 j
2 .153 225 .4433 193. 458"
2 0 O3 220 .7913 1 8 7.5123
QO .03 103
1 .7° 3 215 .2043 1 8 2.6293
1. 80 3 223 .0 0 6" 1 9 0.524 0’
1 .853 224 .8363 1 9 2.4313
1 .893 225 .5753 193. 2583
1 .913 225 .7443 193. 482 3“J.933 225 .7965 193. 5963
1 .953 225 ■7445 193. 6153
2 .003 225 .2245 193. 3083
2 .103 222 -9515 191 .6373
2 .303 215 .9365 1 8 6.0 0 Q 0 jyo<j
1 2.0 ; 103
1 .703 21 4 .8105 173. 08 63
1 . )0 3 222 .4725 1 8 5.760 3
1 .853 224 .2275 187.5203
1 .893 224 .904; 1 8 8.202 3
1 .913 225 .0415 1 8 8.341 3
1 .933 225 .0615 1 8 8.3643
1 -953 224 .9765 1 88.2813
2 .053 223 .31 15 18 6 . 6273
2 . 153 220 .2655 183. 5933
2 .303 214 .4695 177. 81 13
K+NaCl angle== 165 deg
3-55 65
1.805 185-5285 146.9925
1 .855 180.6735 143.1825
1.905 174.4 9 4; 138.0 3 1 ;
1 .955 167.3205 131.7065
2.005 159-5895 124.2885
2.055 151.0845 115-8925
1.60 j 215.7505 156.4735
1.6
1 .703 2 2 3 .5583 167. 2563
1 .753 2 2 5 .0 2 5 ; 169. 1053
1 .80 3 2 2 5 .218? 1 69. 5153
1 .853 2 2 4 .2783 1 72. 1763
1 .903 222. 5523 169. 1933
1 .953 220. 1563 167. 1833
2. 003 2 1 7 .1 OO cI 00 3 164.43 (3
2. 053 2 1 3 .72 4" 161 .1283
4 .33 IO3
1 ..603 2 1 5.908 3 16 4 .2133
1 ..703 2 2 7 .1023 175.7003
1 .,803 2 3 0.9593 179.799 3
1 .■ 853 231 .1583 179.8503
1 .,903 2 3 0 .5663 178. 7903
1 OR «1 2 2 9 .,2703 177.3033
2,,003 227. .4313 175 03783
2.,103 222.,6693 169. 8243
2.. 3°3 210.. 149 3 155 •1383
2.> 0 0 3 194.■ 8553 138.3583
4 ,•53 IO3
1 . 0O3 210..790? 168. 1 66 3
1 .-723 2 2 5.3163 179.,8783
1 ,.8O3 231 . 2983 184. 3563
1 ,.853 232..245] 184.■ 7253
1 ,.903 232..2583 184. 1663
1 ..953 231 ..570 3 182..8345
2,.003 2 3 0 ..3573 180..8693
2,.103 226,.6753 176.,0643
2 .303 216,.6573 163..0933
2 ,.503 2 0 4 .62 63 14 8 , 1123
4 -73 103
1 .603 205,.2753 171 ■.1173
1 .703 221 .721 3 183.0673
1 .803 229 .4 66? 187..7983
1 .853 231 , 1 653 188,.3293
1 .905 231 .8343 187.9673
1 .953 231 .714? 186,.8973
2 .003 230 .9953 185 .2643
2 .103 228 .3303 180 .7403
2 .303 220 .1823 169 .173;













: a i i
95
Table 6.1 (cont.)
► 45 3 228 . 362 3 192..183 3
.903 229 ► 9563 192.,0 0 6 :
933 230 .220 3 191 ► 5533
.965 230 .2413 190 ,8963
► 993 230 .0563 190 .0533
2 .053 229 .1903
1 Qr7
IO/..9183
2 .103 228 .0843 185 ► 7853
2 .2 0 : 225 .2043 180 .8433
2 .303 221 • 7553 175 424 :
2 .503 21 4 .204: 163 ,8903
rD .03 103
1 . 7 0 : 2 1 7 . 1 5 2 : 190.0025
1 .80J  2 25 .5495 196.4645
1 .855  2 27 .6765  197.7595
1 .905 228 .8125  198.1305
1.935 229-1135  1 9 7 . 9 9 6 :
1 .965 229-1775  197.6435
1.995 2 29 .0415  197.1025
2 .0 5 5  2 28 .2815  195.5645
2 .1 5 5  2 26 .0075  192.0525














1 .► 853 225. .0313 193 *3773
1 ..893 225. .7913 194 . 222 3












. 6 0 4 :
2.!oo? 225. .5023 194 .3133
2,.103 223..2943 192 ► 643 3
p ,.303 216..439 3 187 .2463
I2 .O3 103
1 ,.703 2 1 4 . O 1 H7 0.01 (3 178 . 1263
1 ,.803 222. liRp •9 1 4,.' C— n 185 ono :
1 ,•353 2 2 4 ..2373 187 .5645
1 ,.893 2 2 4 .►9153 188 .2465
1 .913 225,.0533 183
1 ■n? 0 2 2 5 ,.0743 100100 .4095
1 ►953 2 2 4 .► 9893
onI OO 827 * • j* -  l 3
ry ►053 2 2 3 ,.3 2 6 : 186 . 6 7 6 :
2,.153 220..2843 183 *
2, qp 0o u J 2 1 4 . 4923 177 . 866 3
K+NaCl a n g le = 130 deg5
1*6
4 . 0 :
1 '913 2 1 0 .240: 165.47531 .9 5 : 215.6573 1 6 3.2 6 0 :
2 .O O3 211 .8163 159.8763
2 .2 0 3 190.7053 141.3303
b 9 7 r r“7 n
I 5
1 . 60 | 218.613: 1 82.61 1 :
1 .703 2 2 7 .5 3 4 : 173-5473
1 . 30 3 2 3 0 .0 2 3 : 176.9853
1 .90: 2 28 .3993 175.5273
2 .1 0 : 217.9673 16 4 . 19 2 :
2 .3 0 ; 2 0 1 .5613 147.120?
2 .5O 3 180.3383 126.990"
4.5J 1 13
1 . 6 0 : 214 1 2(o 0 . j 0 " 487 7QC " ■ .
1 .703 227 . 33 ;3 1 79 . 193 3
1 .303 723 .2663 1 0 01 -j• 3 0 0:
1 On 0 . U , _p 2 7 2 0 0 3 3 182 on 0 „.
1 .92: 232 .0853 182 1 5 0.
1.953 231 .3863 181 e 1 55:2 .0 0 : 227 .8123 179
2 .10? 225 l|OOn. 4, 03 173-.46
2 . 3 0 5 213 77Q 0• 1 I y 5 159..0 2 9 :
2 .503 1 99 .253 3 142,.2 8 9:
2 .7O3 181 727  ° • I<—  0 3 124,► 134?
21. 7 3 63
1 .6 0 : 207 • o / 8 j 1 7 0.► 819311. 70 3 223 .65 23 132,. 5 1 6r
1I 69 fY o« O 9 280 O  n r - 2. GO / 3 1 8 6,,995 3
1 .903 272 .7123 1 8 6,0 >  t, :
2 .0 0 : 231 • 3553 1 201 UJ «
0 . 1-7.
. 1 1 ;
2 .103 228 .156-5 1  T nI /  u . G  I.1.0 .
0 : 1 2 "
1 .703 218 . 863 3 1  O r1 07 . q  0  O  r> -
11. 80 3 227 .3523 1 9 0.8723
1. 85 3 2 2 9.4563 191 •4933
1• 91 ? 2 3 0. 171.,0313
1 0 0  0 2 3 0, 190. 71 73
1.953 230,.8 1 0: 1 071 ■/ .
r,r r-7 ^
■-7 / ;













1 no 1 C O .
186.
13 4 .









2 . 3 0
1.70? 
1 .805 









1 *"7f '• O1 . J O y
1.3 0: 
1 Or •
! . y j j  j)
1 . 3  
1 . 9 1 3
1 .93 5 
1 -955 
2 . 0 5 5
1 n
20
0 0  r  h  R  Ji o
C - C _ _  .
221 .
2 1 3 .
1 - Khot a"OJ ?
10:
2 1 7.2165 
225.63^5 
227.770: 
2 2 ° . 0 4 7 r 
2 2 9 .2 1 8 " 
2 2 9 .2 8 7 : 
2 2 9.2 6 1: 
2 2 9 . 0 6 7 5  
227.3345 






01  h  9 9 0  "C- { r 0 -J c- q
2 2 2 . 4 8 5 5  
2 2 4 . 2 4 1 5 
2 2 4 . 9 2 0  5
225.0575
2 2 5 .0 7 8 5
2 2 4 . 9 9 4 :
OQQ P P P ~ 77g OJJ;
2 2 0.2 9 1 :
2 1 4 . 5 0 1 5
1 7 9 o 6 9  
1 7 3 . 5 3 9 '  




1 9 7 . 3 2 7 ^  
1 0 7 . 6 - 9 1  :
1 3 
1 9 7 -  
1 4
1 9 3 -
1 8 4 ,
1 Q br
RnZipee-
!l R  pU J
-11.70: 215. P r"'1 ! 1 n- R 1
0 0
on
Or~ 1. 8 5 1
1.8O 5 223..2 4 7 : A1QI • 778
1 Rr- „. j5 5 225 -.1 1 0: 193 .711
1 .39: 225-► 3775 194 P RO 0 2 ::
1 .915 225..0615 1 770 p * ( yJ
1 OR 0. O  ;■ 2 2 6 . 1 2 0: 1i94 Q 1 Q
1 QR 0 . RO j 2 2 6 .0 9 2 : 194 .945
1 .975 OOPac_r ■.9625 194 no r~r
2 .055 2 24 n 0 0 :. 1QR .961
2 .155 221 .o p  ii:► 191 .779
2 on 0 2 1 6 .7 lip.  0-1-7 r. 137 .505
17'° 1 1-0 0 1 u . . o j 
1 On Q i 70 t -J - 8 l ;■
1 O7 rr 770 O
' i • j i 9 j)
1 QO o 7 o .i • cDc
188.402: 
13 8 . 4 2 5 5
..OO oho,• « J 7 O  J
1 Oo 0,0o ,IUJ.uuO; 








2 2 1 . 7 7 4 ;  
2 2 3 .7 2 0 5  

















0 . I JJ 
" - 3:
3.8:
4 . 0 :
4 . 2 :
5.0:
22O o
7  5o .
95
0 :
6 .05  
2 7:
2 . 0 5  





J . 7 ;




r' r- 0 0 0  „220 .0 . 3 , 
225.322: 
222.75350 1 - r p  ’- I P * J I j 5





2 3 3 . 2 5 7
O 98O OOo .
(O. )£1 « _1 '■
231.7515 
229.454:<p o O O . I < „77 . U I r.
2 2 c ,4 0 4: 
229.280:
2 2 7 . 9 8 2
224.710: 
1 0;
0 1 o on 07 1 . p.00 












n o o »
755
o -1 , .. ,£1 I * ^Jc±CL
2 2 5 .5 7 ^;
2 2 9 .9 9 5 :
O O 1 OPo7j I - 7j,_
r~\^ < n p i O °  •7 0 1 - «
0 0 0  p 1 >  r7 j 7 » 0 r O
r-'.-.r'7 j 7
0;73560OR'■—  _ )  1 .  w  [  v  
O r . 2  o p ! '  -
770 0  I
n o  * ^R 5? "77 1 . Pj;
217.311
2 2 5 .288'
218.056
2 1 5 .5 2 7.
0  f  '■ 7  I p O. o
1 '■ 3 .2 2 8 ’
1 9 1  Jl OP «






C 1 7 ■> o  n 
_ 3
OOP 700.7c_ j . (oa _j





-j r~7 Oo .l
1175
7 0  O  r




2 0 1 .8715









1 3 9 - 4 9 3 :  
1 9 1 . 4 3 8
1 9 2 . 9 0 '5
1° 4 ,203 
1 9 5 . 1 4 8 5  
1
197.3325
1 0 7 . 1 9 1 5
] 8 0.083. 
177* 1o  -
o  r c t2 .7 J 229.4275 1 1.5 p:







<'-> O  * O  o  *t 0
J  I . 0  J  I 3 1 8 3 . 3 9 1 5
9 ; 2^1  4 2 1 : 1 8 3 .5 7 6 5
1 p
i
n p O  0  ^
o a  . o ;  c n 1 8 1 . 0 2 5 :
3  5 2 2 4 . 4 1 3 5
1 r-71-7 q  | [ ) , '1 ( ; . J t v
C  r0 3 2 1 9 . 3 1 3 5 I 7 5 O I 65
1 2 . 0 ;  9
a .  95 
.
2 . 7 0 5
2 . 3 ;
2 . 3
2 . 9 5
2 1 7 . 7 6 0 ; 
2 2 5 .2 0 1  
2 2 9 . 3 0 7 '  
2 3 1 . 0 7 1 : 
2 3 1 . 3 1 2  
230.860' 
2 2 8 . 6015 
2 p h .  0 4 2 ;
o 1 o Ohr 7,2 1 O .  u ' C ;
150  c q 4  ~1 v J * O r ^
1 7 6 . 3 8 8 5 
18 0 .9 4 4 5
18 2 .7 1 3 5
182*955' 
1 8 2 . 5 0 5 : 
1 8 0 . 2505 
175.6975 
1 7 0 .5 0 4 5
i'JCl>• + K C 1 angle=15 deg.
O  ^r O .  ^^ 226 .4465 1 ii '' 5 4 ■
2 * 7 5 2 3 1 .0535 201 .270^
2 , - 5 000 oon » —0 - 0 ‘C ^  5 205 .8525
2 . 9 " 0 0 :  0 n9 - t-D D  • j \3c- 3 2 0 9 . 0 0 6 :
3 . 0 : 2 3 3 .3  >3 : 211 ,1755
j » ‘ 5 2 3 2 . 3-3 3 : 2 1 2 , 8315
J . jj. 3 2 2 9 . C12: 214 .5535
3-55 • 2 1 5 .7 4 2  5
3 - , 5 220.9495 ■21 8 . 755
4 . 0 G
2 . 5 5
2 . -5 
2 * U
2 . 7 5
2 .
2 . C 5
^ • >; 
3 . 0 5  
3 .2 5  
0 .5 5
218  . 5 6 j  
225  . O 65 
2 ;  0 * 0 1  S  i 
2 3 1 . 2 4 5  
2 3 1 . 8 9 5 ?
232 
r> O O
3 4 6  :
2 j 2 . J /5
- 3 '
. 2 8 ,
O  O T — 0 ‘ * '■8 5 
3 1 2; 
2 2 1 . 4 6 8 :
OnO e 
' •' o  '-9
9235
1 . 2 2 4 :*i *» ' r 








19 4 . 0 3 7  
1 9 5  - 
1 - 5 .  
1 9 5 -
2015 
5025
9 9 0  5
2.6 
9 / ^ n „
U 51 
22 .
3 . 0 5




3 . 7 5
I f  r -:•. 0 5
2.5:
2.6;
2 . 7 5
2 . 8 5
2 . 9 :
3 • 0 I
Q -?
j * 1 3
'O0 • 0 8





3 ♦ O j?





2 2 7O O o
o22
2.2°
o 1 . j  i
■37 o
o l i i  :
, 1 56 5
nOo . 
0^0 «
■ 7 7 1  5
i i
879













5 7 5 5
0 8 3 5
On 1 -
o l i o *W; -> 5'




4 5 3 5
J i o O «- : - 9 o 5
pqq -
SO O' p/ :> m o  o
_> OO ^
r~ —) n\ ~




2 1 3  




2 1 4 ,  
2 0 5 , 
1 9 4 ,
1 9 1
201
2 0 9  




2 2 4 ,
000t-faj ■
91 O < - • 7 .
21 5, 
21 1 ,
2 0 5 ,
185
2 2 7 :
miOHO 5
3 3 2  5 
0 3 9 5  
9 6 7 5  
9 3 3 5  




■ • 1 -  « 
It Or7 „ ' Hr I ,
9 4 0  0 :
. 9 0 5 5
, 7 7 0 :




O  M  ;  
n o  ^  -- q 3
O r- O „
j 5 u :
8 9 6 :
0 ;** 5
0  r7 o
1 - • > j?
2 *  I
2 . 7 5
9 c :
3 . 1 5
J « J ;
q  q  ->




2 . 7 0 5
2 .85
2 . 8 5 5
2 . c r ;
3.1:
2 1 7 - 8 1 4 :  
2 2 5 . 2 8 9 :  
2 2 9 . 4 2 6 5  
2 3 1 . 2 2 7 5  
2 3 1 . 4 1 4 r 
2 2 8 . 8 6 2 ;  
2
21 9*2i '
21 f. 1 
2 2 5 .
6 0
!01q w  t 2
2 2 9 . 3 0 4
* o 3
3 - 5 5
■ q » -
2 3 1  . 0 7 1 5
O Q
2 3 0 . 2 5 0  




1 6 9 . 3 5 7 S
1 7 7 - 0 9 5  
1 8 1 . 5 7 3 5
< 0 9





1 7 7 . 2 9 4 5  
1 7 5 .2705
1 'c 0 0 2;1 ^ -• • 31 >7 s O qO»1 I .  O '  ;  
1 8 0 . 9 4 4 :  
1 3 2 . 7 1 3 5  
1 .
1 8 2.5055 
130.2505
0 4 2 ;  1 7 -,Q
0 1  O  O l i r  0 I o • uC-p 170.5045
Na+iCCl angle = j 0  0.65;
3.05 65






* ;o o 0 • 0 ^ cr OO.
2.4 3 
205
2 .6 s 
2.1: 
3 n *




, . ^  o
2 - 5 ;
2 . j '
2 .7 ;
2 . j r
2.9s
1.0:
o q a • a




2 . 5 S
2 . 5 :
2.75
2 . 3 :
2.95
O  f*i «
3.15
q o -> 






137.3 6C S 
1 2 6.6 2 0: 
114.0515r> ji <■ q o n








219 .0915  




2 3 4 .C7 I:
2 3 3 .I7 I5O n d ~'r~7 r>2 30.09 15 
2 2 7 .0 2 6 : 
224.105:









1 0 0 . 71“ : 
73.0615 
. 73 7 550
5725 1 7 6 . 1275
1 1 0: 191 .7135
9415 2 0 1.443:
846 j 210.225:
0785 209.8475
0775 204.140:_ — a
6 70 5 196.215^
087 5 181.3 0 0;




234: 2 2 2.9 2 0 :
on° - 224.903':
0  j j n
, . ZA . ; 1 
* -a J 2 2 5.8215
332: 2 2 5.0 7 2 :
4975 0  pro n 2a [ . <p2 *.
9115 217.4035
063 5 2 1 0,0 0 3 :
956: 2 02 .2655
19 0 .4435
200 . 4 0 6 :  
2 0 7 . 3 4 0 : 
212.114J
2 1 5 o o 2 :
217.5395 
211.972 5
oo'i !ion « d  d  -  . .■




2 1 2 .5 1 1 :
184.6675
193.646:
2 . 7  
2.1 
2 0  
: .0
o 1o - 'q q
a
0 0 5  
2 . SO
7 °o
2 . .5 




non q p it . ...
o q o  071 - 2 J J  * i  I I ;  ^ 0 j, rn r






n ho. •on: |TfMdO - j . 30 i 
203 i17
2 0 9 !1 1 0’ 
2 1 0 .0 3 5 : 
210,192' 
2 1 0 .1 1 2 :
n 0 1 n °* ia .
2 rr 211 .130 5 n|71, r-r.7* O, |'D .■•
P 0. 0 9 225 - 732 *-»1
op
■.505
2 7 . 1 221 !
O to
,613 *
2 O' * /n n 23 1 .20 1 37v*825 7 5
2 O 0 231 no q » P JJ I 1 •> 60 3 j
2 0« 5 : 232 »2 u J 192.» 1 $
2 O 232 n rP 107 0 a <0 ,61 r "■O  ‘ - ^
3 .6 5 231 ! 1O r. o-C g 1C-4,on *
3
0* ,7) 7) CO fiq 2 * -n 1 .304 5
Q
a *5 0 221 .000 3
<i92.6842
— f ■N O „0 ✓ Oy
8 n 2 1 7.I195 1 69.927




in .524  
1 ?.. 16
95 231.3915 183 - 492*s « 
* ; 228.3295 1 80.400
3 5 224.334: 1 7S .413 
1 7 4 .0 763 ? 219.2035
12.0s 95
21 7 . 150'5 




2 3O.B5 2 :
2 2 1 .5 9 0  5 







1 8 2. 48 4 5 






a n g le =45 d e g :
o o2 . u 5
p O " a . g 2
>85
21 62;
2 1 9 .9 4 3
2 0 0 . 0 1 4  
2 0 1 . 4-
99 1.6
..aoj_g o , (corn
3.0:
O  T  oJ • J 3
3 * 5 5
D • J I
0 1 
















1 oc Tic" 
' :
2 0 2 . 9 8 3 5  
2 1 6 .  '  
2 2 0 ,0 2 3 5  
2 3 5 - 3 7 5 5
2 3 '“' ot;q r
o *i o o o - < lj' . r_ U -









,6 8 0  ^
r \)"~7 r
°4 I 3r,of! " J J<- ;)
.023" 
251 5
0 -* ■ 5 235. 1 0  «. I I P s 213 .2715it ,°5 232 <.9305 21 4 .0995
Ii H  n 1 O  0Lr ,9 O c « -J 3
2. h:9 y 208,■0455 176 * 9 9 5 "p r~ nO? 220. .7135 193 O Q O c• JJJ  0p O * , u . 228. 204 .3425
2,•75 2 qo .6341 21 1 .451 :
2..05 O'o'' .2 8 0 : 216 .0 4 7 :
2. 0" • ^ 5 2 3 7 .,246 s 218 . 9 2 6 '
O f t »!• — <*, 237 •.1925 220 .6 0 8 :




* -J 0 ^ j j  *.8635 221 .5 2 2 :
O
J  -
rr a ' - 3> 230.- 9335 220 o p p  . • J O  J;
O
J  *■7 S 2 2 8.41G ■ 218 . 45 0 5
z_L .0- 2 2 5 -.8935 214 -9555! i O A1 -3 9 228-.■ 4435 21 1. 2 4 4 :
4,■5 ; 1 1 :
2 ,•55 2 1 9 ,,9085
.noi >0. 664:
2 ,. 0 : 2 2 7 ,nine0  1 o 197 • 5755
2 ,•75 2 3 2 ,• 5755 203
r— — .e J  1
2 , 8': 234.„ / 4 5 : 207 n r- r', \.COL j
2,•95 235..316 : 210 -5355
o ..0 : 234,.8 4 0 : 212 .0295O
.15 233..6605 212 • 753 5Oj  ■•35 2 3 0 . 180? 212 • 3 5 2 :
3 -•55 225.. 9 9 7 : 212 . 0 5 0 :
3 .> 15 221 <- 903 ? 210 .9265
. 0 r 216..5385 208 . 947 5
,0 •os 10:
2 .•5 1 218.■ 980 : 133 • 8235
2.. 5 : 226..728 : 192 . 1 3 2 :
















3 - 5 5 2 2 3 . 1 2 8 : 2 0 2 , 9 3 4 :-n '3. ^
3 - 7 5 2 1 3 . 5 5 3 5 2 0 1 .  0O 5
6 . 0 5 1 0 :
2 . 5 5 2 1 8 . 1 5 0 : 1 7 5 .  ' 9 4 5
2 . 6 : 2 2 5 . 7 0 3 5 • 0 7 :
2 - 7 5 2 2 9 . 9 1 9 : 1 8 7 . 6 7 0 :
2 - 7 5 5 2 3 1 - 1 0 0 : 1 8 9 . 2 0 7 :
2 . 8 5 2 3 1 - 8 0 0 : 1 9 0 . 3 4 7 5
2 . 3 5 5 2 3 2 . 0 9 8 : 191 .1 5 6 5
P  Q n 2 3 2 . O 675 1 9 1 .6985
3 - 0 : 2 3 1  . 2 3 8 : 1 9 2 . 14 7 5
3 . 2 : 2 2 7 , 6 6 5 1 h pzO .1y 1 , 4 5 0 ;
3 . 5 5 2 2 0 . 4 3 1 5
. o n  o^- i .  „1 - O J I •
O n  n O n









217 .6175  
225 .2775  





2 2 8 .  772 5
1 8 9. '1 5
1 7^ o !' o <• I I i
181 ,4
133.2555
1 8 3 - 4 2 6 :
1 8 0 . 7 7 9 5
1 76 . 13 3 5
12 r
2 0 5  
2 . 6 0 : 






O  IX n J • 4 2
I; .+&C1





219. 100: 1 7 2 .5055
95
917(— i j 075 ^ 1 69 -37o 5
225 . 1 9 8 5 176 .321
p o o Q0 0 : 180.928:
231 -055? 1 32. 6 94 5
231 • 3055 1 32 • 935
230 . 352: 1 82 .
223. 590: 1 8 0 . 2275
224. 0 2 8 : 175- 5,71 ~
21 8 .323: 1 7 0.4755





1 9 0 . 0'60 : 
193.3135 
I9 5 .76O5 
1 8 7 . - 2^5
Idle 6.1 (cont,)
100 1.6
o O 0 ® 6) - 2 2 7 . 1 2 0 s 200 .21  i 5 2
0 „
•  0  $ 2 3 4 . 2 4 5 5 2 0 4 .0755
J • 5  5 2 2 3 - 7 3 1  5 201 - 5 1 7 ' 2 . 9  5 2 3 4 . 7 2 6 ” 205 -6915
3 * 7 5 229 .  660  5 202 ,1725 0 .05 2 3 4 . 1085 206 .2985
h . 0 : 2 3 0 - 3 3 5 5 202 • 6535 05 • 1 5 2 3 2 . 7 5 9  5 206 .2 2 2  50
o - 3 5 2 2 8 . 8 4 3 5 2 0 4 - 8 7 7 5o
D
n  0
• j 1 3 5 3 - 5 5 2 2 4 . 2905 202 . 7 7 1 500 - 7 5 2 1 9 . 7265 200 . 4 5 4 5
2 . 4 5 202 4 7 3  5 * 1 i j  3 182 , 2 4 1 5 4 .05 2 1 3 - 4 0 5 5 1 9 7 .1095
o£1- 5 5 2 1 7 ' 7 3 2  5 1 9 6 - 9 0 3 "
2 .65 2 2 7 . 9 86 206 .5625 R .05 I O 5
2 • 7 5 2 3 4 - 7 0 1 5 212 - 7 2 8  5
2 O 0 * O 3 0 0 00 0 ,9285 216 • 4 4 7 5 2 • 5 5 2 1 8 . 9 4 3 5 1 8 3 - 3 7 2  5
2 • 9 5 2 4 1 - 4 1 7 5 218 - 4 6 3 5 2 .65 2 2 6 . 5 7 2  5 191 .01  8 1
3 .05 2 4 2 . 7 0 5 5 2 1 9 , 3165 2 - 7 5 2 3 0 , 8 6 4  5 1 9 5 - 7 7 7 5
3 .  15 2 4 3 .1705 219 .4105 2 0 0.  0 3 2 2 2 . 8205 198 .5165
3 • 0 j 2 4 2 .  610  5 21 8 0 07  0 - I 3 2 - 9 5 2 3 3 - 1615 1 9 9 . 8 5 4  5
Q
J - 5 5 2 4 1 .0225 21 6 .  622  5 3 «» 0 « 2 3 2 . 4045 200 - 2 3 5 5
- 7 5 2 3 9 .0475 2 1 4 - 5 7 2 5 3 • 1 ^ 2 3 0 . 9185 1 9 9 - 9 7 4 5
4 , - ° 5 2 3 5 .  9 3 0 : 21 1 , 4 0 2  5 0
•n c 
* J* 5 2 2 6 . 7 3 5 5 198 - 3 5 7  5
4 • 3  5 2 3 3 .1073 208 . 2 9 4 5 3 ■ 5 1 221 . 90  6 s 196 .1095
3
T~~7 0
* 1 0 2 1 7 - 0 5 5 5 1 9 3 • 7 5 1 5
o  
. J «- 5 5 9 5
I O 56 .05
2 ,. 4 ; 209 .1125 181 . 7 2 8 5
- 8 5 2  52 ,• 5 5 222 .5085 195 ,  9 2 0  % 2 .55 2 1 8 . 1 1 9 5 1 7 5
2 ,. 6 5 2 3 1 -1 4 7 5 205 - 7 1 3 5 2 f . . 2 2 5 - 628  5 1 8 3 - 1 0 3 5
2 ,. 3  5 ■ 2 3 9 . 4 4 9 5 215 . 9 6 4 5 2 • 7 5 2 2 9 - 8 0 0  5 187 . 3 3 0 5
oO <.03 2 4 1 . 0 8 6  j 218 . 9 8 4 5 2 - 7 5  5 2 3 0 . 9 5 9 5 188 . 6 4 5 5
o .25 239 .6525 218 . 5 7 0  5 2 .85 2 3 1  - 6 3 5 5 189 - 5 5 6 5
3 !. 4 ; 236 - 9 7 3 5 216 . 6 1 9 5 2 - 8 5 5 2 3 1  - 9115 1 9 0 - 1 3 6 5
3 .• 7 5 232 - 4 3 7 5 212 - 7 3 7 5 2 - 9 5 2 3 1  - 8565 190 • /  /  7  5
4 . .05 228 .2045 2 0 8 ,- 7 7 3  5 q .05 2 3 0 , 9 7 9 5 190 .  44850
j .25 2 2 7 . 3 0 4 5 188 .9225
4 . . O 5 125 00 - 5 5 2 1 9 - 8 9 7 5 1 8 5 - 1 4 7 5
2 ., 4 sj 208 . 7 5 2 5 1 7 9 ' .1765 8 .05
0 0
o 5








2 3 4 ,
.5681
- 2 7 5 5
2 0 0 .
2 0 6 .







2 2 5 -
807  5 
2605
. 3 6 1 5 
-3205
2 . 0 .>0 ^ 2 3 6 ,- 6 3 5 5 2 1 0 .. 1 0 2 ” 2 - 7 5 2 2 9 - 3 7 ^ 5 181 ,4425 _ _
2 .• 9 5 2 3 7 ' - 3 7 1 5 2 1 2 . 0615 2
0 „
. 0 - 2 3 1  - 1 5 2 5 1 8 3 .2205






2 3 5 '
2 3 2 ,
.9365
- 5 9 7 5
2 1 3 -  
21 1 .
. 0 2 3 5





2 2 8 .
2 2 4 .
■ 7 1 5 5  
1 7 9 5
1 3 0
1 7 5
- 7 9 2  5 
. 7 9 2  5
Q 0 •• 5 5 2 2 8 ,.6305 2 0 9 .. 6 4 o  t
OJ> * 5 5 2 1 9 - ,0045 171 - 1 4 9 5
z>J •• 7 5 2 2 4 , .6505 2 0 7 .■ 1 7 9 5
4 . , 0 1 2 1 9 . .2085 2 0 3 . . 4 8 5 5 1 2 . O 5 9 5
4 . .5; 1 1 5 2 - 5 5 21 7 - 7 5 8 5 169 - 3 7 8 5— J 1 j






2 1 9 -
2 2 7 .
2 3 2 .
• 9 4 8 |
7165
. 1 4 8 5
1 8 7 -
1 9 5 .
2 0 0 .
. 6 8 3 5  







.  85  5
2 2 9 .  
2 3 1  .
2 3 1
. 3 0 0 ;
. 0 6 5 1
! - 3 ° 9 5
18 0 .92 65
1 8 2 . 6 9 4 ?




















3 . 1 5
3 . 3 5
3 . 5 5
3 . 7 5
4.05
4 . 3 5
2.45





























































O r y Q  „U ( U_3




































































































2..45 209,.088 5 173 ,2205
2.■ 55 221..6325 190 .0155
2.► O C) 229..4665 197 .552 5




• O 9 236..1425 204 .4935
2.•95 236., 700: 205 ,440 5-~1j •.05 236.■1595 205 .3315
3 «.15 234. 3u9 5 204 .6455
3 .0 0■ ~ >  3 231..1265 202 ,021 ;
3 *•55 226..7075 198 .730 5qe «•75 222..2515 195 .3155
4 .05 216..0275 190 .4915
4 •55 105
2.•55 219..9355 186 .9475
2 . r  nr -3) 9 227..5885 194 .2625
2.•75 231..9115 198 . 608 5
2. O r,, o s 233..9025 200 ,8825
2.•95 234..2805 201 .7235
3 •05 233..5625 201 .5985
3 <.15 232.. 1 165 200 .8275
3 .O 0p 0 9 228.- 0 13 5 198 .201 5
3 •55 223,266 5 1 94 •9755
3 -• 75 21',.4955 191















































1 • j 3
2 3 1 - 7 9 3 ]  



























2 .55 2 1 7 ,.9 6; 169.923;
2 .0 ; 2 2 5.243; 177 .3 8 2;
2 .7; 2 2 9.353; 181 .504;
2 .8 ; 2 3 1.125; 1 Oo1 0 .291;
2 .Q "3 2 3 1,.2 8 2 : 183 .463;
3 «IS 2 2 8.673; 180 .884;q0 • ; 224,.126; 176 .319'
3«5; 2 1 8.941; 171 . 121 ;
12 .0 ; 9 ;
2 .5; 2 1 7.755; 169 .3 8 2;
2 .6 ; 2 2 5 .194; 176 .6 2 5 :
2 .7; 2 2 9.295; 180 .929;
2 .6 ; 2 3 1.0 5 9; 182 696;* ' - J $
2 .8 5; 2 3 1 .2 9 8 : 182 .938;
2 .95; 2 3 0.843; 182 .486;OO 9i; 2 2 8. 5 8 0; 180 .223;
0 *3; 224..015' 175 .6 7 0:
3 .5; 2 1 8.,81 i; 170 .473;
Na+KCl a n g le =  9*6 cleg;
2 •5; 13;
2 ,.4: 2 0 5.,9 2 8; 182 .784;
2 ,• 55 2 1 9.799; 192 .0 3 1;
2 ,2 0!» O y 2 2 8 .8 0 6; 197 .293;
2 ,•7; 234. 404; 199 .6 9 1;
2 ,0 0 * 0 0 237. 596; 200 .1 8 2:
2 .Q n ■»y $ 27Qa  j  « 106; 199 .409;
0  
j ,.0 ; 239. 454; 197 .814;
0J -. 1; 239. 0 1 1; 195 .704;
3,. 0 ; 2 2 6 .734; 190 • 758;
3 • 5; 233. 5 8 6; 185 .695;
0  
j> <• 7; 230. 215; 131 .442;
4..0 ; 225. 370; 177 .035;
z7* O 3 2 2 0.913; 173 .115;
3 . 0 : 13;
2 .' ^ I 2 1 0.462; 180 .998;
2 .5; 2 2 3 .440; 190 .2 1 7;
2 . 6 ; 2 3 1 .704; 195 .2 0 3;
2 .•7; 2 3 6 .624; 197 .0 6 9;
2 , 8 * 2 3 9.189; 197 .0 4 7:
2 .9; 240. 132; 197 .1 8 2:
3 . 0 ; 2 3 9.9 6 6; 196 .984;
q 
■ . 1; 2 3 9.0 5 0; 195 .836;OJ • 3; 2 3 5 .935; 192 .0 7 2;
3..5; 2 3 2.0 6 3; 187 '731;
3 <-7; 2 2 8.048; 183 .483;
4.0; 222.308: 177-7599
4 . 3 ;  2 1 7 . 1 4 3 ;  1 7 2 . 9 2 9 ;
2 .4; 2 1 0 .332; 178 .2 7 6 ;
2 .55 2 2 2 .935; 188 . 7 8 2 ;
2 .6 ; 2 3 0 .355; 195 .053;
2 .85 2 3 7 .70,2 0 f30<, 199 , 642;
3. 0 ; 2 3 7 .9b 6 ; 198 .5 1 1 ;
3. 2 ; 2 3 5 .149; 1 94 .9 0 8 ;
3. 4; 2 3 1 .0 9 2 : 190 .6 3 1 ;
75 224. 545; 184 . 178;
4. 0 ; 2 1 8 .415; 1 73 .2 3 7 ;
4. o; 1 2 ;
2 .4; 2 0 9 .087; 176 0 7 9 ;
2 .5; 221 .494 s 1 O I .5 1 6 ;
2 .6 ; 229. 2 1 0 ; 1 94 .1 6 7;
2 .7; oqq 611 ; 1 97 ° 0 7 r • - u 1 2
2 .0 «O n oqcO b  -6 9 1 ; 199 qcQ .
2 .9* 2 3 6 .1 6 6 : 1 99 - 2 1  I
3 ,0 ; 235. 547; 198 . ' 4 9 ;00 1 ; 234. 201 ; 197 *1 9 7;075 Q A75 230. 295: 193 . 3 0 7 ;0o .5 ; 225. 732;
* O 0i or n  2rN, O. . j  0  ^
0O r-7 P.(■> 221 .124" 184 . 5 3 j
V .0 ; 214. 697; 178 .879;
J.
k-<.5; 1 0 ;
2 ,5; 2 2 0 .107; 186 .077;
2 .6 ; 2 2 7 .715; 192 .352;
2 7«> 231 .993; 196 .6096
2 '■ - z 9 5 4 : 1 y O .274:
2 9: > ' «204: 1 98 .5 0 7 ;
•O' 233- 5 6 2 : 1 07 r ' ^  r
3 i « 2 3 2 .096 r 196 ! L - 5 ;
3 2 D 2 2 7 .Q58: 1 92 .71 63
j -5; 223. 1 8 0 '
« OO
1 OO .529;
3 - T A ( 0
r\ 1 Q2 I l_ .379; 134 J! 0 O r
5 .0 :> Q :
2 • 5s 219. 097; 1 84 .01 1 :
2 .6 ; 2 2 6 .641 : 190 .8 6 2 '
2 r7 •' * I 230. : - 194 .673;






. 0  : 
-1 5O «» 75 9
233.






3 3 3 ;
196





/'* 0 <-) 7 




221.393; 187.039P R " .0 i a
. 0 ; 1 0 ;
2.5."





















7 6 2; 


















pIlp •J^ r-J 3 
O  1  O  o









P R 1" 
p «. U r
2.7; 

















W o1 1 I . pit 0 n p . .
.24; 1 7 5 . 3 3 1 ;
9 4 ; 1 3 1 . 2 2 8 ;
1 0 ; 1 8 3 . 9 0 2 ;
4 ° ; 1 3 4 . 2  3
1 6 :J 1 8 2 . 941 :
1 0 ; 1 3 0 )3 1 7 ;
1 R  0
i r o 1 7 6 . 7 4 9 ;
'42; 1 7 0 .0 8 6 ;
0 4 : 1 6 7.4 9 0;
8 7  5 1 5 6 . 4 6 2 ;rO 03 5 156.514;




2 .8 ; 




2 1 7 .7 93  
2 2 5 .2 3 9  
2 2 9 .3 4 7  
2 3 1 .1 1 8  
2 3 1 .2 7 4  








181.249; O On3 • Rj
176.835; p h ° 3 . 0
3 171.909; -I) . I®
207.484;
219.998?
2 2 7.8 3 1 l 
2 3 4.5 7 1;
2 3 4.7 0 6; 
2 3 1.8 3 7;
2 2 7.78O; 











1 7 0.8 3 1;
12.0; Q 4.0 1
2 .5 ; • i», b b; 1 6 9.3 8 2; 2.4;
2 .6 : 2 2 5 .194; 1 7 6.8 2 5; 2.55
2 .7; 2 2 9.2 9 5; 180.9 2 9; 2 .6 ;
2.3: 231.059; 1 3 2.6 9 6: 2.7;
2 .8 5; 2 2 1.2 9 8: 182.938; 2.3;
2.95; 230.343; 1 8 2 .48b: 2 .9 ;
3-1-5 2 2 8.5 8 0: 180.223: 3.o;
3.31 224.015; 175.670; 3.15
3.5S 2 1 8.8 1 1; 170 . 473; 3.3;
Na+KC3 angle- c VJl
2 ,• 5;
cCO
2 .5; 216 .740; 1 p  ' I1 0 0
2 ,■7; 221 .596; 1 85
2 ,p  0. ' 0 
j
224 1 P  P  n« 1 J U ; 1 Or1 ub
2 .0  ° 225 - 0 8 3 ; 1 0 *■>I U J
”S 4.0 ; 224 .9 8 7; 181
0  «, 1 ; 224 .162; 178
q
-j  «
O  0 221 jt p 1 ».  q  ' 5 1 7 0
0 rr r







O P o  n' 3<bR J
981 ’.J I 3
















2 40" ' o
O r
1 72 » 805
229.562;
224.995;
J • i ; 2 2 0.-393;
I.z_j..0: 2 1 3.-963;
!]..5; 10;
-5; 220. ''/‘O rO  1 '
. 6; 2 2 7.-99°;
0
£. V 0• I 3 232.■0 75Q
lL
P r 234 . 2 6 1;
2 O 0• . ; 234.. 630 T
0 : ' 233-*9 0 6;
3 . 1; 2 3 2 .► 456;
p3 . 3; 223, O R M *>*
.5; 223., b  1 O 3
183
6c
I i p p
1 3 9.707; 
1 9 3.0 1 0; 
1 9 4.0 9 0 ; 















1 9 5.3 0 0; 










01 O O r'r-' .
a  i o' 0 joa ^ 177.5715
5 .05 Q :
- * - 5 010. 0 0 0  0 cl 1 y m yc.] « <1 O O O r-S O n11. a . jc-c. -
2 .6 5 2 2 7.O9I5 1 9 0.4 7 5;
2-75 OO 1 770  »>— J> 1 - 5 1 0 h 0 0 7  - * .
2.35 O O O J! 1 n C J J . C T l n 135.9565
O’ 0 .- • y 3 O O O O J | 1 nc-JJ - J 'I <, •J OR 111 P " • 1 a -0 n - 0 - 3 232.750 5 194.390:
1 ‘ 5 231.2345 192.7325
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The results as listed could form the basis for an 
Investigation of the nuclear motions. For the purposes of 
a discussion of the surfaces* however* it Is more 
convenient to document them In terms of a visually more 
straightforward coordinate system, composed of the lengths 
811 ^ ’*:wo alka.l± halide bonds and the
angle 9 between them
This latter system forms the basis of figures 6.3 - 6.15 
in which the lowest potential surface Is plotted at 15° 
intervals In 0 . These contour diagrams were obtained 
from the results of table 6.1 by 4 - point Lagrangian 
interpolation in three dimensions, and they are referred to 
an energy zero corresponding to the minimum surface energy 
for the separated products. Figure 6.3a gives the first 
excited electronic surface for the collinear {&- 180°) case.
The asymptotic surface minima corresponding to 
Infinitely separated reactants and products respectively, 
taken together with estimated zero^ -point vibrational energies
(47)
for Na Gl and KC1 of 0*52 and 0.40 Kcal/mole respectively , 
leads to a calculated reaction exothermicity of just over 
6 Kcal/mole. This figure must he compared with the 
accepted value of 4 Kcal/mole, derived from the experimental 
dissociation energies of NaCl and K C l . ^ 6  ^ The overestimate 
is the result of small discrepancies in the asymptotic 
Rittner treatments of the binding energies of NaCl and
KC1 and does not constitute a serious defect in the 
calculation.
A distinctive festure of the surfaces is the absence of 
any activation barrier. This is not unexpected as in the 
course of the reaction the only substantial electronic 
rearrangsment concerns the non bonding valence electron;the 
main binding forces in the system are electrostatic rather 
than covalent and are as such subject to no valency 
restriction that one bond should be partially broken 
before another can be formed. Furthermore, there is a 
relatively strong long range dipole - induced dipole 
attraction between the K atom and the NaCl molecule* This 
interaction may contribute up to 1 Kcal/mole to the binding
when the K atom is around 7 A from the NaCl molecule.
At close distances directions of approach in the range 
0 * (9< 45° are energetically unfavourable. The crucial 
stages of reaction cannot occur along such paths simply
because the approaching Ii atom is obstructed by the ha4’ 
ion before coming within bonding range of the Cl~ ion.
At long range, however, 0 ~ 0 is the most energetically 
favourable direction of approach as the asymptotic dipole- 
induced dipole interaction may become supplemented by a 
certain degree of bonding, between the alkali centres.
Thus, for example, the configuration,
® ----- ^ ------ © — 2■'■** ©  (6.4)
is 4 Kcal/mole more stable than the reactants and 2 Kcal/mole
more stable than the corresponding 0  =- ISO0 configuration 
in which the Na and Cl positions are reversed. Similarly, 
at long range 0 is the energetically most favourable
exit surface. Thus the configuration
0 — --------0 — a -?* ©  (6>5)
is 3 Kcal/mole more stable than the products and 2 Kcal/mole 
more stable than the corresponding exit configuration in 
which the K and Cl positions are interchanged.
All stages of reaction can occur quite smoothly in the 
range 45c< ® ^  1806’. If a"reaction path"is defined for each 
value of &, in this range, to follow the line of least 
energy from reactants to products, then along this path, 
the reaction may be envisaged as occurring in three stages.
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First the K atom approaches from infinity to within 
ahout 3,5 X of the Cl~ ion, without appreciably 
influencing the length of the NaCl bond. In this stage 
most or all of the reaction exothermicity is released.
In the second phase the K-Cl distance decreases to the 
diatomic bond length while the Na-Cl bond increases to 
approximately zK, During this stage the energy 
typically falls to its lowest value. Finally, reaction 
is completed by the departure of the Na atom, the KC1 bond 
length remaining constant,and the energy climbs to that of 
the products (the transition complex is more stable than 
either the reactants or the products)• The potential 
surface is thus of the ’’attractive” classification, and 
classical Monte Carlo calculations(^ 7) suggest that much 
of the exothermicity may be expected to appear in 
vibrational excitation ofihe product KC1 molecule. Since 
there is no activation barrier the precise course of the 
’’reaction path” is not of outstanding significance as a 
great variety of routes leading to reaction are energetically 
accessible, though the minimum energy path Is still 
favoured.







more stable than both the reactants and the products is 
of considerable interest. For a collinear collision 
- 130°) this complex is only a.bout 2 Kcal/mole more 
stable than the products. As 9 decreases, however, the 
potential well becomes steadily more pronounced, reaching 
a maximum depth of 13.5 Kcal/mole for 9-75* If, therefore, 
excess internal energy were removed (by collision at a 
wall or with a third body) the molecule NaKCl would be 
formed, with a dissociation energy, D^, of 13.5 Kcal/mole 
into the reaction products Na 4- KC1. As might be
expected the Na-K bond is the weakest of the three in
NaKCl as evidenced in figure 6.16 where energy contours 
are plotted for the complex as a function of the position 
of the K atom with respect to the centre of mass of the
NaCl bond. The NaCl bond is allowed to take up its
optimum length for each position of the K atom, so that the 
minimum energy of the complex is selected at each point.
It Is apparent that the largest vibrational amplitude of 
the molecule will involve the deformation of the angle 
9 - NaClK. The predicted equilibrium geometry is given 
in figure 6.17.
The prediction of a stable molecule NaKCl is not
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altogether surprising. Ho covalent bonds need to be 
broken in its formation, and there is a relatively strong 
long range dipole-induced dipole attraction between Ha 
and KC1. Also the stability of NaK*- indicates that the 
complex NaKCl may possess three positive bonds. In 
addition the positive ion NaKCl"*' has been observed in a 
mass spectrometer, as have the symmetrical ions NaxCl+,
K^Cl* and Rh^ Cl'*'; these latter have been assigned 
experimental-dissociation energies of 42, 41 and 28 Kcal/mole 
respectively.^®) The same author reported that a 
Rittner calculation on Rb^ Cl*" gave a value for the 
dissociation energy in close agreement with his 
experimental measurement (which success incidentally provides 
direct evidence for the applicability of the Rittner 
approach to an assembly of three ions). A similar Rittner 
calculation on NaKCl*- (equivalent entirely to the 
K + NaCl calculation with the omission of the valence 
electron), gives rise to a calculated dissociation energy 
of 30.7 Kcal/mole (for NaKCl*-— > NaCl+- K*") , so that the 
positive ion appears to be about tv/ice as stable to 
dissociation as the neutral NaKCl molecule.
One further point of Interest arising from this 













Figure 6 <>19; Energy of the ion 
NaKCl'’as a function of angle &
■v*-
0 W 3" 16 0C' .20' 60°
ANG-LE 0 = EaClE
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NaKCl*" • The Na-Cl and K-Cl bond lengths at 2.7A and 
3.0A respectively are very little different from those 
suggested for neutral NaKCl. For totally unp>°la Usable 
ions, however, the repulsion between the alkali ions would 
dictate that V (-NaClK) would take a value of 180 . The 
weaker polarisation interactions, however, favour a non­
linear arrangement. In fact the calculation predicts 
that 135°, a surprisingly large deviation from linearity. 
Figure 6.18 gives the calculated equilibrium geometry for 
the ion. Figure 6.19 gives the energy of NaKCl-*" as a 
function of the angle &, showing a shallow double minimum 
on either side of the linear configuration, the central 
barrier having a height of only 0.6 Kcal/mole. The ion 
might thus be expected to exhibit an anomalous vibrational 
spectrum, analogous to that of PH^. The spacing between 
successive levels should at first decrease until an 
energy close to the barrier height is attained whereupon
i 5 9 )
higher levels should appear at Increasing energy intervals;
The experimental confirm ation of a bent equilibrium 
geometry or of this type'of vibrational spectrum would 
provide extremely direct evidence of the importance of 
polarisation interactions in gaseous ionic molecules.
The discussion thus far has assumed that the system
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is confined to the lowest electronic potential surface.
In support of this assumption the results in table 6.1
show that for most configurations the lowest surface
is well separated from the excited electronic levels. For
a restricted range of configurations near the turning
point of the '‘reaction paths" for near collinear pollisions
{&> 135° ), however the first excited electronic energy
surface may come within 2 Kcal/mole of the ground state.
Figure 6.3a gives the first excited electronic surface for
Q= 180°. This raises the possibility of a non-adiabatic,
electron jump, reaction mechanism.
In order of magnitude the probability of a non-adiabatic
(5)transition may be determined by the Landau-Zener formula i
using the notation of the introduction, equation (13).
of the four sigma energy levels along the path which is 
drawn across the surface plotted In figure 6.3. (This 
path is deliberately chosen to pass through the point of 
closest collinear approach of the two surfaces and 
therefore does not follow precisely the defined "reaction 
path" for 180° •) The labels on the energy curves in
(6.6)












figure 6.20 indicate the predominant atomic orbital 
contribution to the state in a given region. The lowest 
curves come within 3 Kcal/mole of each other at the 
arbitrarily chosen origin of the path and around this 
region in the lowest-surface the valence electron is 
transferred from an orbital of predominantly K 4s-form to 
one of principally Na 3s-disposition. This nelectron jump” 
takes place in regions where'the atomic states |Na,s^>and 
(K,s> are of similar energy but where bonding between the 
alkali centres is inhibited by the interposition of the 
Cl’*" ion.
Prom the figure it appears that the difference in 
slopes between the states |Na,s^ and |K,s^ > at the 
ncrossing point” is of the order of 2 0 Kcal/mole/1. The 
reduced mass associated with motion along the path may 
be taken as 20 A.M.U. which is of the order of both the 
reduced mass for the motion of a K atom relative to an 
NaCl molecule and of an Na atom relative to a KC1 molecule. 
The classical velocity, v, of passage through the 
crossing point may be obtained from the estimated relative 
kinetic energy. The closest separation,A , in this case 
is 3 Kcal/mole.
In the first instance consider a thermal collision
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where the initial relative kinetic energy of the reactants 
is of the order of 0.5 Kcal/mole. If the exothermicity 
released up to the crossing point appears as additional 
kinetic energy along the reaction path, then the net 
kinetic energy at the crossing is of the order of 3.5 
Kcal/mole, v * 1.2 x 10s" an/sec and P ^  0.03, a very 
small probability.
P is very dependent on the separation A  . For A  =-2 Kcal/ 
mole, as it is for some, not quite collinear, paths,
P /^0.2, whereas for A - l  Kcal/mole, P ^0.6. On the 
other hand, for A — 5 Kcal/mole, P ^  10 *. Bearing in 
mind that only a small proportion of collisions will pass 
through regions in which A -< 5 Kcal/mole, it seems that 
any non-adiabatic effects will be slight. In any event 
for thermal collisions there is no prospect of non-adiabatic 
effects resulting in excited product states as there is 
insufficient energy available, so that a second transition,
returning to the ground state, must precede dissociation.
The main effect of a non-adiabatic collision in this 
case is therefore in extending the lifetime of the 
collision complex, leading to randomisation in the angular 
distribution of the small proportion of the total products 
which arise by this mechanism.
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M oulton  and Herschbach h a v e , however, observed  
e x p e r im e n ta l ly  t h a t ,  f o r  v i b r a t i o n a l l y  e x c i t e d  KBr, th e  
reac t io n
N a -*> KBr =. NaBr -V- K ( p ) ,  ( 6 .7 )
le a d in g  t o  a K atom i n  an e x c i te d  p - e l e c t r o n i c  s t a t e ,  
occurs w i th  a c o n s id e ra b le  cross  s e c t io n  ( >  l o t ° '  ) .  I n  
th e s e  experim en ts  th e  KBr i s  form ed from  a p r im a ry  beam 
r e a c t io n  K +• Br^ ^  KBr * - B r .  T h is  p r im a ry  r e a c t io n  has 
an e x o th e r m ic i ty  o f  45 K c a l /m o le  v/hich is  a lm ost e n t i r e l y  
produced as v i b r a t i o n a l  e x c i t a t i o n ;  a p p ro x im a te ly  h a l f  o f  
the  KBr m o lecu les  possess o v e r  th e  41 K c a l /m o le  th re s h o ld  
energy necessary  f o r  the  r e a c t io n  ( 6 .7 )  to  p ro c ee d .
I n  th e  p re s e n t  example b o th  o f  the  r e a c t io n s  
K -i- NaCl =  KOI + Na(p ) ,  ( 6 . 8 a)
and Na + KC1 =  NaCl +■ K ( p ) ,  ( 6 . 8b)
a re  a p p ro x im a te ly  43 K c a l /m o le  en d o th erm ic . I f  the  
c ro s s in g  p o in t  o f  f i g u r e  6 . 2 0  i s  t r a v e r s e d  w i t h  a r e l a t i v e  
k i n e t i c  energy o f  50 K c a l /m o le ,  the  p r o b a b i l i t y  o f  
t r a n s i t i o n  g iv e n  by the Landau-Zener fo rm u la  i s  in c re a s e d  
to  P /w 0 .3 5 .  (F o r  a s e p a r a t io n  A  =- 1 K c a l /m o le  th e  
p r o b a b i l i t y  would be f u r t h e r  in c re a s e d  to  P --v 0 . 9 . )  
N o nethe less  i t  i s  to  be n o te d  a g a in  t h a t  r e l a t i v e l y  few  
c o l l i s i o n s  w i l l  f o l lo w  paths  p as s in g  th roug h  th e  c a lc u la t e d
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range o f  c o n f ig u r a t io n s  where the  lo w e s t  su rfaces  a re  
c lo s e .  To such e n e r g e t ic  c o l l i s i o n s ,  how ever, th e re  is  
a c c e s s ib le  a much w id e r  range o f  n u c le a r  pa ths  t r a v e r s in g  
re g io n s  o f  c o n s id e ra b ly  h ig h e r  energy th a n  have been  
documented h e r e .  T y p i c a l l y  th e  c o n f ig u r a t io n s  passed  
th ro u g h , i n  w hich the  a tom ic  s ta te s  |Na,s^- and I s>  
become o f  s i m i l a r  energy, w i l l  co rrespond to  r a th e r  lo n g e r  
Na-K s e p a ra t io n s  and hence th e  i n t e r a c t i o n  between th e  s ta te s  
w i l l  be s m a l le r ,  so t h a t  d may be c o n s id e ra b ly  re d u c e d . I t  
i s  q u i t e  p o s s ib le  t h a t  a re a s o n a b le  p r o p o r t io n  o f  c o l l i s i o n s ,  
a t  l e a s t  f o r  1 3 5 w^  8 ~ 180°may le a d  to  n o n -a d ia b a t ic  
t r a n s i t io n s  to  th e  second s u r fa c e .
The occurrence  o f  t h i s  t r a n s i t i o n  does n o t ,  however, 
a u t o m a t ic a l ly  le a d  to  the p ro d u c t io n  o f  an e l e c t r o n i c a l l y  
e x c i te d  p ro d u c t atom. F o r  th e  r e a c t io n  K N aC l, o c c u r r in g
a lo n g  a p a th  s i m i l a r  to  t h a t  o f  f ig u r e  6 . 2 0 , a f t e r  t r a n s i t i o n  
th e  e le c t r o n  rem ains e s s e n t i a l l y  In  a K 4 s - o r b i t a l  as th e  
Na c e n t r e  moves away. I f  no f u r t h e r  c ro s s in g  o ccu rred
this surface would lead to the dissociation limit Na'4'-*- KC1 .
o
When th e  N a -C l d is ta n c e  has in c re a s e d  to  around 6 -7  A, 
how ever, a c ro s s in g  w i t h  a p re d o m in a n t ly  Na 3 p - s t a t e  o ccurs .
The i n t e r a c t i o n  between these  s u r fa c e s  a t  t h i s  la r g e  s e p a ra t io n  
i s  r a t h e r  s m a ll  ( 0 .1  K c a l /m o le )  and i t  would seem on t h i s
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ground u n l i k e l y  t h a t  an e le c t r o n  jump to  th e  p - s t a t e  
would o ccu r, (d o te  t h a t  f o r  r e a c t io n  ( 6 . 8a) to  be com pleted  
t h i s  second c ro s s in g  has to  be passed a d i a b a t i c a l l y . )
On the o th e r  hand the a v a i l a b le  k i n e t i c  energy i s  reduced  
by more th a n  40 K c a j /m o le  by t h i s  second c ro s s in g  and th e  
c o rres p o n d in g  r e d u c t io n  i n  n u c le a r  v e l o c i t y  improves th e  
p r o b a b i l i t y  o f  th e  jump o c c u r r in g ,  to  y i e l d  an e l e c t r o n i c a l l y  
e x c i te d  Na atom . I t  must be n o te d  t h a t  d i s s o c ia t io n  in t o  
e i t h e r  o f  the  io n  p a i r s  Na*" KC1~ o r  E*-*- NaCl"* i s  o f  the 
o rd e r  o f  90 K c a l /m o le  endotherm ic  and thus can be w itn e s s e d  
o n ly  f o r  e x tre m e ly  e n e r g e t ic  c o l l i s i o n s .  In  th e  l i g h t  o f  
t h i s  p ic t u r e  i t  i s  s i g n i f i c a n t  t h a t  i n  th e  o b s e rv a t io n  
o f  e x c i te d  p ro d u c t K atoms from  the  r e a c t io n  Ua +  K B r '^ ^  
none o f  the r e a c t a n t  KBr m o lecu les  c o n ta in e d  more than  
4 K c a l /m o le  energy i n  excess o f  th e  th r e s h o ld  r e q u ir e d  f o r  
th e  e le c t r o n  e x c i t a t i o n  r e a c t io n  to  o c c u r . Thus i f  th e  
p o t e n t i a l  s u rfa ce s  f o r  t h i s  l a t t e r  r e a c t io n  a r e  s i m i l a r  
to  those  f o r  K + N a C l ,  th e  second c ro s s in g  p o in t  would  
indeed be t r a v e r s e d  r e l a t i v e l y  s lo w ly .  I t  i s  a p r e d ic t io n  o f  
t h i s  w ork, t h e r e f o r e ,  t h a t  the y i e l d  o f  e x c i te d  K atoms 
I n  t h a t  experim ent would be d im in is h e d  on any f u r t h e r  
In c r e a s e  I n  th e  v i b r a t i o n a l  e x c i t a t i o n  o f  th e  r e a c t a n t  KBr.
A s e r io u s  t re a tm e n t  o f  th e  p o s s ib le  n o n -a d ia b a t ic  
e f f e c t s  would r e q u i r e  d e t a i l e d  in fo r m a t io n  abou t th e  
e le c t r o n ic  w a v e fu n c tio n s  f o r  th e  two lo w e s t s t a t e s .  T a b le  
6 . 2  p re s e n ts  a l i s t  o f  the atom ic  o r b i t a l  c o e f f i c i e n t s  f o r
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th e  two lo w e s t  e ig e n s ta te s  f o r  a l l  c o n f ig u r a t io n s  o f  
t a b le  6 .1  i n  w hich th e y  l i e  w i t h in  10 K c a l /m o le  o f  each 
o th e r .
T a b le  6 .2 :  E ig e n fu n c t io n s  o f  th e  two lo w e s t p o t e n t i a l
s u r fa c e s  a t  th e  c o n f ig u r a t io n s  o f  t a b le  6 . 1  a t  which
t h e i r  e n e rg ie s  a re  le s s  th a n  10 K c a l /m o le  s e p a ra te .
Ie> -  c, (Na, s} +  c2 |Na,pt>  *- cs |Wa,p2^ +  |k, s)> i-c y |K ,p (^ c ^ K , p ^ .
(N o te :  The p - o r b i t a l s  p o in t  towards th e  a l t e r n a t i v e
a l k a l i  c e n t r e  and th e  p « o r b i t a l s  a r e  p e r p e n d ic u la r  to  
th e  NaK bond, w i t h  t h e i r  p o s i t i v e  lo bes  n e a re r  th e  c h lo r id e  
c e n t r e . )
A: R e a c ta n t  c o o rd in a te s  K+- NaCl
X R e Energy c, C3 0
0° 3 .5 1 .8 5 2 0 5 .8 7 4 .6 9 8 - . 3 5 3 .5 4 1 - . 1 5 6
1 9 7 .7 0 9 .5 6 8 - . 2 1 6 - . 7 8 3 .3 0 8
1 .9 0 2 0 7 .5 2 9 .7 6 0 - . 3 6 7 .45 3 - . 1 3 1
1 9 8 .7 0 6 .4 9 3 - . 1 7 7 - . 8 3 3 .323
3 .8 1 .9 0 2 2 2 .9 2 2 .6 1 0 - . 3 1 0 .6 5 7 - . 2 1 8
2 16 .5 09 - . 6 7 1 .2 7 0 .6 8 0 - . 2 7 2
1 .9 5 2 2 4 .3 5 6 .7 0 8 - .3 4 -0 .5 4 6 - . 1 8 3
2 1 8 .3 58 .5 7 4 - . 2 1 9 - . 7 6 9 .3 0 2
2 . 0 0 2 2 5 .7 7 4 .7 8 1 - . 3 5 8 .4 3 9 - . 1 4 9
2 1 9 .0 7 6 .4 7 8 - . 1 7 2 - . 8 3 2 .3 2 5
2 .0 5 2 2 7 .0 3 9 .8 3 0 - . 3 6 7 .3 5 1 - . 1 2 2
2 1 8 .8 9 1 .3 9 6 - . 1 3 4 - . 8 7 0 .3 4 1
2 . 1 0 2 2 8 .0 0 7 .8 6 2 - . 3 6 8 .283 - . 1 0 1
2 1 8 .0 25 .3 3 2 - . 1 0 6 - . 8 9 2 .352
4 .0 1 .9 1 2 2 6 .9 4 7 .4 5 1 - . 2 4 4 .7 9 1 - . 2 7 4
2 1 9 .4 2 7 .78 9 - . 3 3 2 - . 5 1 7 .212
1 .9 5 2 2 7 .4 9 9 .5 4 7 - . 2 7 8 .7 2 0 - . 2 5 2
2 2 1 .5 55 .72 8 - . 2 9 7 - . 6 1 0 .2 43
2 . 0 0 2 2 8 .1 5 3 .6 7 0 - . 3 1 9 .6 0 0 - . 2 1 2
2 2 3 .2 8 5 - . 6 2 3 .2 4 1 .7 25 - . 2 8 4
2 .0 5 2 2 9 .1 0 3 .7 6 7 - .3 4 8 .4 72 - . 1 6 9
2 2 4 .0 4 2 , .5 0 6 - . 1 8 5 - . 8 1 1 .3 1 6
139 1.6
Table 6-2: (cont.)
A: R e a c ta n t  c o o rd in a te s  NaCl
Y R e Energy °x c3 cs-
0° 4 .0 2 .1 0 2 3 0 .2 1 3 .82 8 - . 3 6 1 .365 - . 1 3 4
2 2 3 .9 7 2 .4 0 5 - .  139 - . 8 6 2 .338
2 .1 5 2 3 1 .2 3 0 .8 6 5 -  .365 .2 8 4 - . 1 0 8
2 2 3 .2 9 0 .3 2 9 - . 1 0 5 - . 8 9 0 .3 5 1
2 . 2 0 2 3 2 .0 4 4 .888 - . 3 6 4 .226 - . 0 9 0
2 2 2 .1 87 - . 2 7 3 .08 2 .9 0 4 - . 3 6 0
4 .5 2 . 05 2 2 9 .1 9 2 .2 72 - . 1 5 6 .886 - . 3 2 0
2 2 0 .8 6 1 .8 7 4 - . 3 7 0 - . 3 2 1 .126
2 . 1 0 2 2 8 .2 6 2 .3 8 0 - . 1 9 6 .8 3 8 - . 3 0 8
2 2 2 .3 0 0 .837 - . 3 4 3 - . 4 2 8 .163
2 .3 0 2 2 7 .2 1 2 .8 8 1 - . 3 5 8 .2 6 4 - . 1 1 0
2 2 2 .8 0 9 .3 0 0 - . 0 9 4 - . 8 9 5 .348
5 .0 2 .5 0 2 1 8 .2 3 4 .9 17 - . 3 4 9 .1 6 6 - . 0 7 6
2 1 4 .8 3 6 .1 9 6 - . 0 5 2 - . 9 2 0 .3 5 0
15* 3 .5 1 .8 0 2 0 8 .4 0 8 .5 8 1 - . 3 1 6 - . 0 8 3 .663 - . 1 6 8 - . 0 9 4
1 9 9 .1 8 8 .6 7 9 - . 2 5 8 - . 0 7 7 - . 6 9 5 .263 .078
1 .8 5 2 1 0 .7 0 8 .6 6 0 - . 3 3 4 - . 0 9 0 .578 - . 1 4 9 - . 0 8 6
2 0 2 .2 4 2 - . 6 1 1 . 2 2 1 .0 6 6 .7 6 1 - . 2 8 1 - . 0 9 1
1 .9 0 2 1 2 .5 0 2 .7 2 6 - . 3 4 7 - . 0 9 5 .4 9 4 - . 1 2 9 - . 0 7 8
2 0 3 .7 5 6 + .5 4 0 - . 1 8 6 - . 0 5 5 - . 8 1 4 .2 9 6 .103
1 .9 5 2 1 3 .8 2 7 .7 7 7 - . 3 5 4 - . 0 9 8 .4 1 8 - . 1 1 1 - . 0 6 9
2 0 4 .0 0 6 + .4 7 4 - . 1 5 4 -  . 04-6 - . 8 5 2 .3 0 7 .1 1 3
3 .8 1 .9 0 2 2 5 .1 0 7 .5 6 6 - . 2 9 1 - . 0 7 7 .6 9 2 - . 2 0 9 - . 0 9 2
2 1 7 .9 6 5 - . 7 0 8 .2 6 9 .0 7 8 .653 - . 2 4 4 - . 0 6 9
1 .9 5 2 2 6 .3 4 1 .6 6 5 - . 3 1 9 -,. 086 .5 9 0 - . 1 8 2 - . 0 8 3
2 2 0 .0 3 7 - . 6 2 3 .2 25 .0 6 6 .7 4 1 - . 2 7 2 - . 0 8 4
2 . 0 0 2 2 7 .5 8 8 .745 - . 3 3 8 - . 0 9 2 .4 8 7 - . 1 5 2 - . 0 7 2
2 2 1 .0 29 - . 5 3 1 .1 82 + .053 .8 0 9 - . 2 9 6 - . 0 9 7
2 .0 5 2 2 8 .7 9 1 .8 0 2 - . 3 4 8 - . 0 9 6 .3 9 6 - . 1 2 6 - . 0 6 2
2 2 1 .1 3 9 .4 4 8 - . 1 4 5 - . 0 4 2 - . 8 5 4 .313 .107
2 . 1 0 2 2 9 .8 0 5 .8 4 1 - . 3 5 1 - . 0 9 8 .3 2 2 - . 1 0 6 - .0 5 3
2 2 0 .5 7 1 .3 8 0 - . 1 1 6 - . 0 3 4 - . 8 8 1 .3 2 4 .1 1 4
4 .0 1 .9 0 2 2 8 .2 6 6 .3 9 2 - .2 2 6 - . 0 5 8 .8 2 4 - . 2 5 8 - . 0 9 8
2 1 9 .2 1 8 - . 8 1 8 .3 2 8 .094' .4 7 8 -  • 182 - . 0 4 1
1 .9 5 2 2 8 .8 7 1 .5 0 1 - . 2 6 0 - . 0 6 8 .7 5 1 - . 2 4 1 - . 0 9 4
2 2 0 .0 3 7 - . 7 6 1 .2 9 4 - . 0 8 4 .5 8 0 - . 2 1 5 - . 0 5 7
2 . 0 0 2 2 9 .2 7 8 .2 61 - . 2 9 7 - . 0 7 9 .647 - . 2 1 2 - . 0 8 5
2 2 3 .8 8 9 - . 6 7 2 .24 7 .0 7 1 .6 9 0 - . 2 5 2 - . 0 7 3
2 .0 5 2 2 9 .9 1 9 .7 2 5 - . 3 2 5 - . 0 8 8 .5 2 6 - . 1 7 6 - . 0 7 3
2 2 4 .8 33 - .  565 .1 9 6 .057 .782 - . 2 8 5 - . 0 8 9o■—io3 2 3 0 .8 1 8 .798 - . 3 4 1 - . 0 9 4 .4 1 5 - . 1 4 2 - . 0 6 1
2 2 4 .9 7 7 -  . 462 .1 5 1 . 044 .843 - . 3 0 9 - . 1 0 0
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Table 6.2: (Cont.)
A: R e a c ta n t  c o o rd in a te s  E +  NaCl
y R e Energy c( c<r
15 4 .0 2 .1 5 2 3 1 .7 4 6 .8 4 4 - . 3 4 8 - . 0 9 6 .3 2 3 - . 1 1 5 - . 0 5 1
2 2 4 .4 9 8 .3 8 0 - . 1 1 6 - . 0 3 4 - . 8 7 8 .3 2 4 .1 0 8
2 .2  0 2 3 2 .5 4 9 .8 7 3 - . 3 4 8 - . 0 9 7 .262 - . 0 9 6 - .0 4 3
2 2 3 .5 7 9 - . 3 1 7 .0 9 1 .0 2 6 .897 - . 3 3 4 - . 1 1 4
4 .5 2 .0 5 2 2 9 .6 6 0 .243 - . 1 5 1 - . 0 3 7 .8 98 - . 3 0 0 -  .093
2 2 0 .4 0 4 - . 8 8 5 .3 56 .0 9 9 .30 7 - . 1 0 7 - . 0 2 0
2 . 1 0 2 2 8 .7 0 6 .337 - . 1 8 2 - . 0 4 6 .8 5 8 - . 2 9 4 - . 0 9 2
j 2 2 1 .8 0 6 - . 8 5 7 .3 3 5 .093 .397 - . 1 3 7 - . 0 3 2
2 . 2 0 2 2 6 .3 2 8 .6 57 - . 2 8 8 - . 0 7 7 .6 2 5 - . 2 2 5 - . 0 7 4
| 2 2 3 .3 0 3 .6 52 - . 2 3 1 - . 0 6 5 - . 7 0 3 .2 4 8 .0 7 0j 2 .3 0 2 2 6 .4 9 9 .8 6 0 - . 3 4 0 - . 0 9 2 .3 1 6 - . 1 2 3 - .0 4 3
2 2 2 .6 9 0 .3 5 8 - . 1 0 7 - . 0 3 1 - . 8 8 1 .3 2 1 .097
5 .0 2 .3 0 2 2 1 .1 9 3 .2 6 1 - . 1 3 8 - . 0 3 4 .8 9 4 - . 3 0 9 - . 0 8 6
2 1 5 .6 3 0 - . 8 9 0 .3 3 8 .0 9 1 .3 0 6 - . 0 9 4 - . 0 2 2
2 .5 0 2 1 7 .2 1 4 - . 9 0 7 .3 3 5 .0 8 9 - . 2 0 4 .0 8 9 .0 2 6
2 1 4 .5 0 5 . - . 2 4 0 .0 6 1 .0 1 8 .9 1 5 r_t327 - . 0 9 3
30 3 .5 1 .9 0 2 2 3 .1 7 0 .6 3 4 - . 2 8 9 - . 1 6 8 .5 8 1 - . 1 0 7 - . 1 6 4
2 1 3 .5 8 3 .6 3 3 - . 2 0 4 - .  131 - . 7 5 7 .2 48 .1 7 1
1 .9 5 2 2 4 .7 2 2 .6 8 9 - . 2 9 7 - . 1 7 6 .5 1 6 - . 0 9 5 -  • 152
2 1 4 .9 2 3 .5 82 - . 1 8 0 - . 1 1 5 - . 7 9 8 .2 5 4 .1 8 9
3 .8 1 .9 0 2 2 9 .7 0 1 .4 8 8 - . 2 4 2 - . 1 3 5 .7 4 0 - . 1 7 2 - . 1 8 2
2 2 0 .2 4 3 .7 5 4 - . 2 6 2 - . 1 6 6 - . 6 0 4 .2 1 3 .1 1 4
1 .9 5 2 3 0 .7 5 0 .5 67 - . 2 6 0 - . 1 4 9 .672 - . 1 5 8 - . 1 7 2
2 2 2 .5 9 8 .7 0 3 - . 2 3 5 - . 1 5 0 - . 6 7 3 .2 2 7 .13 6
2 . 0 0 2 3 1 .5 7 1 .6 4 3 - . 2 7 7 - . 1 6 2 .595 - . 1 4 1 - .  158
' 2 2 4 .0 4 5 .6 4 2 - . 2 0 6 - . 1 3 1 - . 7 3 7 .2 4 1 .1 5 82 .0 5 2 3 2 .3 3 2 .7 0 9 - . 2 8 9 - . 1 7 2 .5 1 6 - . 1 2 3 - . 1 4 3
2 2 4 .3 1 8 .5 7 5 - . 1 7 7 - . 1 1 2 - . 7 9 0 .2 53 .178
| 2 . 1 0 2 3 3 .0 6 3 .7 6 2 - . 2 9 7 - . 1 7 9 .44 2 - . 1 0 6 - . 1 2 8
| 2 2 4 .3 5 7 .5 1 1 - . 1 5 0 - . 0 9 4 -  .8 3 1 .263 + .1 9 5
• 2 .1 5 2 3 3 .7 2 0 .8 0 3 - . 3 0 0 - . 1 8 3 .3 7 7 - . 0 9 2 - . 1 1 4
2 2 4 .2 9 9 .452 - . 1 2 8 - . 0 7 9 - . 8 5 9 .2 7 0 .208
| 4 .0 1 .9 5 2 3 1 .5 5 5 .4 3 4 - . 2 1 7 - . 1 1 9 .7 87 - . 2 0 0 - . 1 8 2
2 2 2 .2 7 2 - . 7 9 3 .2 7 9 .1 7 5 .5 3 7 - . 1 9 0 - . 0 9 4
2 . 0 0 2 3 1 .8 0 2 .5 2 1 - . 2 4 0 - . 1 3 6 .722 - . 1 8 6 - . 1 7 3
2 2 4 .1 8 8 - . 7 0 4 .252 .1 5 9 .616 - . 2 0 8 - . 1 1 7
2 .0 5 2 3 1 .9 0 8 .6 1 1 - . 2 6 1 - . 1 5 2 .6 4 1 - . 1 6 7 - . 1 6 0
i 2 2 5 .3 7 2 - . 6 7 8 . 220 .1 3 9 .6 9 6 - . 2 2 8 - .  141
2 . 1 0 2 3 2 .1 0 8 .693 - . 2 8 0 - . 1 6 5 ■ .5 5 1 - . 1 4 5 - . 1 4 4
2 2 5 .8 9 8 .6 01 - . 1 8 6 - . 1 1 8 - . 7 6 5 .2 4 6 .164
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Table 6.2: (cont.)
-A: R e a c ta n t  c o o rd in a te s  K +  NaCl
K R e En ergy c c 2. C3 c«.
3d 4 .0 2 .1 5 2 3 2 .4 6 6 .758 - . 2 9 2 - . 1 7 4 .4 6 3 - . 1 2 3 - . 1 2 6
2 2 5 .8 5 9 .5 2 3 - .1 5 5 - . 0 9 7 - . 8 1 8 .2 6 0 .183
4 .5 2 . 1 0 22 9 .1 7 9 .3 0 2 - . 1 5 7 - .  082 .8 71 - . 2 4 8 - . 1 7 5
2 2 0 .0 4 0 -  .865 .3 0 6 .1 8 6 .3 7 8 - . 1 2 8 - . 0 5 5
2 .3 0 2 2 4 .8 6 0 .7 4 8 - . 2 7 8 - . 1 6 2 .5 0 6 —. 15o - . 1 1 9
2 2 1 .2 0 9 - . 5 5 0 .1 6 2 . 1 0 1 .793 - . 2 4 9 - . 1 5 8
2 .5 0 2 2 5 .0 5 5 .9 0 6 - . 2 9 2 - . 1 7 5 .195 - .  068 - .  057
2 1 7 .0 6 2 - . 2 5 1 .0 5 8 .0 3 4 .912 - .2 9 3 - . 2 0 5
5 .0 2 .3 0 2 2 0 .1 3 0 .229 - . 1 1 7 - . 0 5 9 .9 0 6 - . 2 6 5 - . 1 6 3
2 1 3 .3 3 7 - . 8 9 7 .3 0 8 .182 .2 8 4 - . 0 8 4 - . 0 3 7
2 .5 0 2 1 4 .5 9 1 .8 1 4 - . 2 8 0 - . 1 6 1 .4 2 6 - . 1 3 7 - . 0 9 1
2 1 2 .6 9 3 - . 4 6 3 .1 2 7 .0 7 9 .841 - . 2 5 6 - . 1 5 6
2 .7 0 2 1 4 .3 3 7 .9 3 1 - . 2 8 3 - . 1 6 5 .127 - . 0 5 1 - . 0 3 5
2 0 7 .7 4 1 - . 1 6 9 .0 3 1 . 0 2 0 .92 8 - . 2 9 5 - . 1 9 0
45° 4 .0 2 . 1 0 2 3 3 .3 48 .547 - . 2 0 5 - . 2 0 7 .671 - . 1 0 1 - . 2 2 7
2 2 4 .2 1 5 - . 7 2 9 .178 .2 0 5 .6 8 2 - . 1 7 4 - . 1 7 7
2 . 2 0 2 3 2 .5 1 1 .668 - . 2 1 7 - . 2 3 0 .5 4 7 - . 0 8 4 - . 1 9 9
2 2 4 .1 5 2 .6 3 0 - . 1 4 7 - . 1 6 5 - . 7 7 3 .1 8 9 .2 2 4
2 .3 0 2 3 2 .0 1 0 .7 5 9 - . 2 2 3 - . 2 4 3 .4 3 2 - . 0 6 6 - . 1 6 8
2 2 2 .8 4 5 - . 5 3 1 .1 18 .1 2 6 .8 3 5 - . 1 9 8 - . 2 6 0
4 .5 2 .3 0 2 2 3 .8 5 3 .553 - . 1 9 0 - . 1 9 0 .6 9 7 - . 1 3 9 - . 2 1 3
2 1 7 .6 5 0 .7 4 2 - . 1 7 8 - . 1 9 9 - . 6 4 8 .155 .157
2 .5 0 2 2 0 .7 0 2 .8 2 0 - . 2 2 3 - . 2 3 8 .3 7 5 - . 0 7 7 - . 1 3 3
2 1 4 .4 6 5 - . 4 5 3 .0 9 3 . 1 0 0 .863 - . 2 0 3 - .2 4 9
5 .0 2 .5 0 213 • 02 6 .5 3 9 - . 1 7 4 - . 1 7 0 .7 3 4 - . 1 6 2 - . 1 9 9
2 0 8 .8 3 2 - . 7 6 4 .1 8 1 .1 9 6 .6 07 - . 1 3 6 - . 1 3 5
60° 4 .5 2 .5 0 2 1 7 .7 2 9 .6 5 1 - . 1 3 2 - . 2 5 4 .5 7 4 - . 0 3 8 - . 2 1 8
2 0 9 .4 1 0 .6 6 0 - . 1 0 2 - . 2 0 2 - . 7 6 0 .1 3 1 .2 3 6
2 .7 0 2 1 4 .2 7 4 .793 -  • 132 - . 2 3 7 .3 9 2 - . 0 2 1 - . 1 6 4
2 0 4 .8 7 3 - . 5 0 7 .0 7 4 .1 3 0 .85 7 - . 1 2 4 - . 2 9 5
5 .0 2 .5 0 2 1 2 .2 5 7 .4 1 8 - . 1 0 3 - . 1 7 4 .804- - . 0 8 7 - . 2 4 5
2 0 4 .0 6 7 - . 8 2 4 .142 .277 .5 2 5 - . 1 1 0 - . 1 2 6
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Table 6.2: (cent.)
B: P rodu ct c o o rd in a te s  ITa+KCl
y •R e Energy c, C3 c. cs-
ou 4 .0 2 . 8 2 2 3 .7 2 0 .7 7 0 -  .358 .4 5 4 - . 1 5 1
2 1 6 .7 9 9 - . 4 9 2 .1 7 8 .8 2 5 - . 3 2 3
2 .9 2 2 4 .5 0 2 .666 - . 3 2 7 .598 - . 2 0 1
2 1 8 .6 2 0 - . 6 2 0 .2 4 2 .7 3 1 - . 2 8 8
3 . 0 22 5 .093 .5 1 3 - . 2 7 2 .7 4 5 - . 2 5 3
2 1 8 .0 5 6 - . 7 4 7 .3 1 1 .583 - . 2 3 7
3 .1 2 2 5 .3 22 .3 6 2 - . 2 1 3 .8 4 4 - . 2 8 6
2 1 5 .5 2 7 - . 8 2 7 .3 6 0 .4 3 3 - . 1 8 6
4 .5 3 .1 2 3 1 .7 5 1 .8 9 1 - . 3 6 2 .2 2 6 - . 0 9 3
2 2 3 .7 3 2 - . 2 6 9 .0 8 1 .9 0 4 - . 3 5 9
3 .3 2 2 8 .4 5 4 .7 7 6 - . 3 3 9 .4 7 0 - . 1 7 9
2 2 5 .1 3 9 .5 0 1 - . 1 8 1 - . 1 8 0 - . 3 1 2
3 .5 2 2 8 .6 1 4 .3 5 5 - . 1 8 7 .8 5 1 - . 3 1 1
2 2 2 .1 1 7 .8 4 7 - . 3 5 0 - . 4 0 3 .1 5 5
5 . 0 3 . 5 2 2 5 .0 0 0 .9 2 4 - . 3 4 8 .1 2 8 - . 0 6 4
2 1 7 .7 1 7 - . 1 6 2 .0 4 0 .9 2 2 - . 3 6 5
3 .7 2 2 1 .0 0 4 .8 7 8 - . 3 5 1 .2 83 - . 1 1 8
2 1 8 .7 1 5 .3 1 4 - . 0 9 9 -w892 .3 3 8
15° 4 .0 2 . 8 2 2 7 .1 6 6 .8 0 0 - . 3 4 6 - . 1 0 8 .3 9 4 - . 1 1 8 - . 0 7 0
2 1 8 .6 4 6 .4 5 0 - . 1 4 3 - . 0 4 7 - . 8 5 6 .3 0 8 .1 2 2
2 .9 2 2 7 .9 6 8 .7 3 2 -  .3 31 - . 1 0 5 .5 02 - . 1 5 2 - . 0 8 5
2 2 1 .3 3 2 .5 4 4 - . 1 8 5 - . 0 6 4 - . 8 0 1 .287 .1 1 0
3 . 0 2 2 8 .2 9 3 .622 - . 3 0 0 - . 0 9 7 .638 - . 1 9 4 - . 1 0 2
2 2 2 .0 3 9 .6 6 7 - . 2 4 0 - . 0 8 5 - . 7 0 2 .251 - . 0 9 1
3 .1 2 2 8 .7 7 1 .475 - . 2 5 4 - . 0 8 2 .76 7 - . 2 3 0 - . 1 1 7
2 2 0 .9 6 7 - . 7 7 6 .293 .107 .5 6 6 -  • 203 - . 6 0 7
~ 4 .5.. 3 .1 2 3 2 .7 2 0 .9 0 0 - . 3 4 0 - . 1 0 4 .1 9 8 - . 0 7 9 - . 0 3 7
2 2 2 .7 7 0 .2 5 2 - . 0 6 6 - . 0 2 0 - . 9 1 1 .3 3 9 .1 27
3 .3 2 2 9 .4 5 3 .8 4 1 - . 3 3 6 - . 1 0 8 .348 - . 1 2 8 - . 0 5 7
2 2 4 .6 7 1 .3 9 5 - . 1 1 9 - . 0 4 1 - . 8 7 0 .312 .1 1 6
3 .5 2 2 7 .4 9 8 .5 5 7 - . 2 5 5 - . 0 8 4 .716 - . 2 4 5 - . 1 0 2
2 2 3 .3 8 6 .7 3 8 - . 2 6 2 - . 0 9 4 - . 6 1 4 .207 . . 0 7 3
3 .7 229 .033 . 2 0 0 - . 1 4 1 - . 0 4 3 .9 1 4 - . 2 8 6 - . 1 1 9
2 1 9 .3 7 1 .9 0 0 - . 3 4 4 - . 1 2 9 - . 2 7 3 .078 . 0 2 1
5 .0 3 .5 2 2 4 .9 9 3 .9 3 0 -  • 324 - .  099 .110 - . 0 5 6 - . 2 1 0
2 1 5 .7 4 2 .152 - . 0 3 1 - . 0 1 0 - . 9 2 4 .3 4 6 .122
3 .7 2 2 0 .9 8 9 .909 - . 3 3 2 - . 1 0 7 .1 9 1 - . 0 8 3 - . 0 3 1
2 1 6 .6 7 5 .2 3 1 - . 0 5 6 - .  020 - . 9 1 6 .328 .11 6
30° f 
1
o 3 . 0 2 3 4 .3 0 8 .771 - . 2 8 1 - . 2 0 1 .4 1 9 - . 0 8 7 - . 1 3 8
2 2 4 .9 0 8 - . 4 9 9 .138 .099 .842 - . 2 4 9 - . 2 2 3
3 .1 2 3 3 .8 4 9 .7 2 1 - . 2 7 0 - . 1 9 8 .4 9 5 - . 1 0 4 - . 1 5 7
1—-----
2 2 5 .8 2 1 - .5 6 5 ' .1 6 0
L.
+ .122 .8 0 2 - . 2 3 9 - . 2 0 6
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T a b le  6 .2 :  ( c o n t . )
B: P ro d u ct c o o rd in a te s  Na+KCl
X ' R e Energy c *. C 3 c4 c r C6
30P 4 .0 3 .3 2 3 2 .8 3 2 .5 6 6 - . 2 3 0 - . 1 7 6 .6 72 - . 1 4 4 - . 1 9 7
2 2 5 .0 7 2 .7 1 2 - . 2 1 3 - . 1 7 7 - . 6 7 0 .2 06 .156
4 .5 3 .5 2 2 7 .0 2 7 .8 39 - . 2 7 4 - . 2 0 1 .34 3 - . 0 9 2 - . 1 0 6
2 2 0 .6 9 4 - . 4 0 8 .1 0 3 .0 7 6 .8 7 2 - . 2 5 6 - . 2 1 8
3 .7 2 2 4 .1 0 5 .7 0 5 - . 2 4 4 - . 1 8 7 .5 5 5 - . 1 4 3 -  o 155
2 1 9 .7 2 5 .60 3 - . 1 6 5 - . 1 3 4 - . 7 6 2 .2 17 .178
3 .8 2 2 3 .5 69 .5 8 2 - . 2 1 2 - . 1 6 5 .687 - . 1 7 4 - .1 8 2 '
2 1 8 .6 5 3 .7 1 9 - . 2 0 5 - . 1 7 1 - . 6 5 0 .1 8 5 .143
4 .0 2 2 4 .0 23 .3 31 - . 1 4 3 - . 1 1 1 f  .8 58 - . 2 0 7 - . 2 1 1
2 1 5 .8 0 6 - . 8 5 9 .258 .227 .4 1 1 - . 1 2 2 - . 0 7 4
45° 4 .0 3 .7 2 2 8 .4 1 0 r .6 1 4 - . 1 5 5 - . 2 5 1 .587 - . 0 4 1 - . 2 3 2
2 1 8 .4 5 0 - . 6 7 9 .1 2 4 . 2 1 1 .7 4 8 - . 1 5 3 - 1_23_5.
4 .5 • o _ 
_! 2 1 6 .5 3 8 .7 9 3 - . 1 6 9 - . 2 6 2 .407 - . 0 4 7 - . 1 5 9
2 0 8 .9 4 7 .5 0 1 - . 0 8 5 - .  127 - . 8 5 1 .155 .2 7 4
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F i n a l l y  i t  i s  o f  some concern to  i n v e s t ig a t e  how 
s e n s i t iv e  th e s e  r e s u l t s  a re  to  d e t a i l s  o f  the  m odel,  
i n  p a r t i c u l a r  to  th e  p r e c is e  cho ice  o f  p s e u d o p o te n t ia ls .
T e s t  c a lc u la t io n s  in d ic a t e  t h a t  changes o f  up to  2 o %  i n  
th e  a l k a l i  io n  core r a d i i  cause changes i n  th e  c a lc u la t e d  
energy le v e ls  a t  th e r m a l ly  a c c e s s ib le  c o n f ig u r a t io n s  o f  
le s s  than 2 K c a l /m o le ,  except t h a t ,  f o r  c lo s e  Na-K  
s e p a ra t io n s ,  and c o r re s p o n d in g ly  s m a ll  v a lu e s  o f  &  
d is c re p a n c ie s  o f  up to  5 K c a l /m o le  may o c c u r . These  
l a t t e r  c o n f ig u r a t io n s  a re  r e l a t i v e l y  u n im p o r ta n t ,
from  tb;e p o in t  o f  v ie w  o f  the  r e a c t io n  K-f-NaCl. S i m i l a r l y ,  
in s id e  the  Cl"* c o re ,  a r e d u c t io n  o f  th e  o rd e r  o f  2 0 /  i n  th e  
r e p u ls iv e  p s e u d o p o te n t ia l  causes energy changes up to  
2 K c a l /m o le .  The co n c lu s io n s  about th e  s t a b i l i t y  o f  the  
NaKCl complex and th e  p o s s i b i l i t y  o f  n o n -a d ia b a t ic  
t r a n s i t i o n s  a r e  no t s e r io u s ly  a f f e c t e d  by these  changes.
On the  o th e r  hand more d r a s t i c  m o d i f ic a t io n s ,  such as 
th e  use o f  p o in t  charge p o t e n t i a l s  th ro u g h o u t space, o r
th e  com ple te  rem oval o f  th e  i n t r a - c o r e  r e p u ls io n  i n  th e  
C l"  p s e u d o p o te n t ia l ,  may le a d  to  energy changes o f  many tens
o f  K c a l /m o le .  These in v e s t ig a t i o n s  throw  no f u r t h e r  l i g h t  
on th e  most s u i t a b l e  c h o ice  f o r  these  p a ra m e te rs ,  w hich  
a r e  s e le c te d  and supported on grounds o f  the  arguments o f  
c h a p te r  3 . 1  and i n  the  l i g h t  o f  the  c a lc u la t io n s  o f  c h a p te r
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5 on th e  d ia to m ic  io n s .  N onethe less  the  l a t t e r  t e s t  
c a lc u la t io n s  u n d e r l in e  th e  im p o rtan ce  o f  th e  p s e u d o p o te n t ia l  
argum ents, w h i le  th e  fo rm er i n d ic a t e  t h a t  the  f i n a l  r e s u l t s  
a re  a c c e p ta b ly  i n s e n s i t i v e  to  d is c re p a n c ie s  o f  th e  o rd e r  
o f  20 /^  i n  th e  p r e c is e  p a ra m e tr ic  v a lu e s  employed.
I n  summary, t h e r e f o r e ,  th e  r e s u l t s  o f  th e  c a lc u la t io n s  
on K +  NaCl le a d  to  an e s t im a te d  r e a c t io n  e x o th e r m ic ! ty  
o f  6 K c a l /m o le ,  compared w i t h  an e x p e r im e n ta l  v a lu e  o f  
4 K c a l /m o le .  There i s  no c a lc u la t e d  a c t i v a t i o n  b a r r i e r ,  th e  
p o t e n t i a l  s u r fa c e s  conform ing  to  t h e ’’a t t r a c t i v e ” c l a s s i f i c a t i o n .  
The e x is te n c e  o f  a t r i a n g u l a r  complex NaKCl o f  d is s o c ia t io n  
energy D j  =* 1 3 .5  K c a l /m o le  i s  p r e d ic t e d .  F u r t h e r ,  i t  i s  
suggested t h a t  f o r  c o l l i s i o n s  a t  th e rm a l e n e rg ie s ,  th e  
r e a c t io n  i s  e s s e n t i a l l y  a d ia b a t ic  , b u t t h a t  a t  h ig h  
t r a n s l a t i o n a l  e n e rg ie s  th e r e  i s  a p l a u s i b le  n o n -a d ia b a t ic  
mechanism by w hich  a p r o p o r t io n  o f  th e  p ro d u ct atoms may 
be produced i n  an e l e c t r o n i c a l l y  e x c i te d  s t a t e .  These  
c o n c lu s io n s  a re  n o t  c r i t i c a l l y  a f f e c t e d  by d e v ia t io n s  up 
to  20 /  i n  th e  ch o ice  o f  io n  core  p s e u d o p o te n t ia l  p a ra m e te rs .
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Appendix 1A The e l e c t r o s t a t i c  p o t e n t i a l s  o f  EaT, K* and C l
A n a l y t i c a l  e x p re s s io n s  f o r  th e  e l e c t r o s t a t i c
p o t e n t i a l s  o f  the  i s o l a t e d  io n s  H a * ,  and C l~  a re  d e r iv e d
by a method analogous to  t h a t  a p p l ie d  to  th e  f i r s t  36
(37 )n e u t r a l  atoms by T*G» S tran d  and R;A# Bonham. The
e le c t r o n ic  charge d i s t r i b u t i o n s  a re  d e r iv e d  from
(3 4 -3 6 )
E a r t r e e  hock n u m e r ic a l  w a v e fu n c t io n s .  In t e g r a t io n
o f  P o is s o n ’ s e q u a t io n  then le a d s  to  n u m e r ic a l  p o t e n t i a l  
e xp ress io n s  w h ich  a r e  f i t t e d  by a m o d i f ie d  Newton Gauss l e a s t  
squares process to  y i e l d  th e  e x p ress io n s  l i s t e d  I n  c h a p te r  
3 . 1 ,  e q u a t io n  ( 3 . 9 ) .
The n u m e r ic a l  s e l f  c o n s is te n t  f i e l d  r e s u l t s ,  r e f e r r e d  
t o ,  l i s t  r a d i a l  d i s t r i b u t i o n  f u n c t io n s ,  P. On summing over  
a l l  e le c t ro n s  the  t o t a l  s p h e r ic a l l y  symmetric charge  
d i s t r i b u t i o n ,  £  , i s  g iv e n  by
where T P M  may be ta b u la te d  d i r e c t l y  from  th e  l i s t e d
(6 1 '
w a v e fu n c t io n s , and in t e r p o la t e d  by th e  L a g ra n g ia n  te c h n iq u e ,  
a t  any r e q i i r e d  i n t e r v a l s .  The p o t e n t i a l ,  V, s a t i s f i e s  
P o is s o n ’ s c o n d i t io n ,  so t h a t
„  Z , s T  9  ) ( T A O \V  V  -  -    j n—   ^ ( I . A . 2 )
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and, sine© V i s  s p h e r ic a l l y  sym m etric ,
(■rV) (I.A.3)
and t h e r e f o r e ,
ct'VM . _ z:P}r)
oOr i ( I . A . 4)
where Y ( r )  ( =  r V ( r )  ) i s  the  t o t a l  e l e c t r o n ic  charge  
c o n f in e d  w i t h in  a sphere o f  r a d iu s  r  around the  n u c le u s .  
T h is  e q u a t io n  may he n u m e r ic a l ly  in t e g r a t e d  inw ards  p o in t  
by p o i n t ,  u s in g ,  f o r  th e  second d i f f e r e n c e  o f  th e  ta b u la te d  
Y f u n c t io n ,  the  e q u a t io n
w hich  a p p l ie s  when f o u r t h  and h ig h e r  o rd e r  d i f f e r e n c e s  a re
s u f f i c i e n t l y  la r g e  r ,  Y i s  e q u a l to  the t o t a l  number o f  
e le c t ro n s  p re s e n t  and i t s  f i r s t  d i f f e r e n c e ,  J 'Y ,  is . z e r o .
Y may t h e r e f o r e  be b u i l t  up by a p p ly in g  ( I . A . 5) a t  s u ccess ive  
e q u a l steps towards th e  o r i g i n .  I t  i s  c o n v e n ien t to  use  
a reduced step i n t e r v a l  a t  s m a l le r  and more s i g n i f i c a n t  
r - v a lu e s  and i n t e r v a l  h a lv in g  i s  p a r t i c u l a r l y  easy to  
in t ro d u c e  a t  any chosen s ta g e , r e q u i r in g  a minimum number 
o f  in t e r p o l a t i o n s  between p r e v io u s ly  c a lc u la t e d  v a lu e s .
( I . A . 5)
n e g le c te d .  The boundary c o n d it io n s  a re  t h a t ,  a t
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A good check on the accu racy  o f  the c a l c u l a t i o n ,  and on 
th e  w a v e fu n c tio n s  employed, i s  p ro v id e d  by the  re q u ire m e n t  
t h a t  Y should v a n is h  a t  the o r i g i n .
The fu n c t io n  Y o b ta in e d  i n  t h i s  way p ro v id e s  th e  
p o t e n t i a l  due to  th e  e le c t r o n ic  charge  d i s t r i b u t i o n .
The com plete e l e c t r o s t a t i c  p o t e n t i a l ,  V , c o n ta in s  a ls o  
th e  c on t  r i  b u t  io n  due to  th e  p o in t  n u c le a r  charge , Z ,  and  
corresponds to
L e a s t  squares i s  th e n  used, to  f i t  Yj. by an e xp res s io n  o f  
th e  form:
VT = '  ^ T i  Ai M  + X  c g) ( I . A.7)
where Q i s  th e  n e t  charge o f  th e  io n  and th e  A . ,  B . ,  G. ando * * C * J
a re  a d ju s ta b le  p a ra m e te rs .  m i s  ta k en  as u n i t y  f o r  
Na* and as 2 f o r  K*- and C l” . The sum A %+  A ^is  c o n s tra in e d
so t h a t  a t  th e  n u cleu s  Y - * Z .  In  c o n t r a s t  to  V . y  does n o tT T ’  r
d iv e rg e  a t  the  o r i g i n ,  nor does i t  d im in is h  so r a p i d l y  a t  
l a r g e  r ,  so t h a t  l e a s t  squares f i t t i n g  o f YT ( r )  r a t h e r  than  
o f  VT ( r )  shou ld  le a d  to  e xp ress io n s  whose a c cu racy  i s
more e v e n ly  w e ig h ted  a t  la r g e  r ,  which may be im p o r ta n t  In  
the  c a l c u la t io n  o f  m o le c u la r  p r o p e r t i e s .
The f i t t i n g  process i s  c a r r ie d  o u t by guessing i n i t i a l
v a lu e s  f o r  th e  naram eters  A . ,  B« , C .and D. and then
i <• J J
s o lv in g  th e  u s u a l Hew ton  C-auss norm al e q u a t io n s ^ ^1) f o r  
a s h i f t  v e c to r  ( fA ,  £ c , SlA ) w h ic h , i f  th e
i n i t i a l  e s t im a te s  a re  s u f f i c i e n t l y  good, w i l l  le a d  to  a 
m o d if ie d  e x p re s s io n  ( I # A . 7) o f  s m a l le r  s tan d ard  d e v ia t io n  
from  th e  t a b u la te d  f u n c t io n .  S tra n d ,  Kohl and B o n h a m ^ ^  
in t ro d u c e d  a s h i f t  f a c t o r ,  k ,  to m o d ify  th e  le n g t h  bu t
n o t  th e  o r i e n t a t i o n  o f  the  Newton Gauss s h i f t  v e c to r .
T h is  d e v ic e  i s  employed h e r e ,  choosing k i n  the  range  
- 1 . 5  to  1 .7 5 ,  so as to  m in im is e  t h e  sum o f  the squares  
o f  the d e v ia t io n s ,  between the  ta b u la te d  and a n a l y t i c a l
f u n c t io n s .  Th is  i s  a c h ie v e d  s im p ly  by com puting
f o r  v a lu e s  o f  k  a t  i n t e r v a l s  o f  0 .2 5 .  I f  the  s m a l le s t  v a lu e
occurs a t  e i t h e r  o f  the extrem es k s  - 1 . 5  or k  »  1 .7 5 ,
t h i s  f a c t o r  i s  ta k e n . O th erw is e  a p a ra b o la  i s  f i t t e d
th ro u g h  th e  minimum p o in t  and i t s  two n e a r e s t  n e ig h b o u rs ,
le a d in g  t o  a c lo s e r  e s t im a te  o f  the optimum f a c t o r  k .
The im proved e s t im a te s  f o r  th e  para m ete rs  form  a b a s is  fo r  
i t e r a t i o n .  The s t r a ig h t f o r w a r d  Newton Gauss method, w hich  
a u t o m a t ic a l ly  ta k es  k  =- 1 , may le a d  to  d ive rg e n c e  or may 
converge o n ly  v e ry  s lo w ly  when used to  f i t  a fu n c t io n  o f  the 
c o m p le x ity  o f  ( I # A # 7 ) ,  un le ss  th e  i n i t i a l  e s t im a te s  o f  the
150
param eters  a re  i n s p l r e d l y  a c c u r a te .  By the In t r o d u c t io n  o f  
th e  v a r i a b l e  s h i f t  f a c t o r  convergence i s  c o n s id e ra b ly  
speeded and made more c e r t a i n .
I n i t i a l  e s t im a te s  o f  the para m e te rs  were suggested by  
th e  ta b u la te d  v a lu e s  f o r  th e  f i r s t  36 n e u t r a l  atoms, (^7) an(  ^
convergence o f£ W 4 and o f  the para m ete rs  to  f iv e  
s i g n i f i c a n t  f ig u r e s  is  u s u a l l y  a c h ie v e d  i n  ab o u t s ix  c y c le s .  
The r e s u l t i n g  express io ns  f o r  th e  YT g iv e  im m e d ia te ly ,  
on d i v i s i o n  by r ,  th e  io n  e l e c t r o s t a t i c  p o t e n t i a l s  quoted i n  
e q u a t io n  ( 3 . 9 ) .
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Appendix IB  The C i zek a p p ro x im a tio n  f o r  th e  e v a lu a t io n  
o f  m u l t i  c e n t r e  in te g r a T s
J . C ize k  has proposed an e la b o r a te  method f o r  th e  
approx im ate  re d u c t io n  o f  m u l t i c e n t r e  i n t e g r a l s  in  terms  
o f two c e n t r e  form s. The most im p o rta n t  s tep  in
t h i s  method i s  th e  rep la c em e n t o f  th e  o v e r la p  d e n s ity  o f  
two S la t e r - t y p e  o r b i t a l  fu n c t io n s  by a sum o f  S l a t e r - t y p e  
charge d e n s i t i e s  on two new c e n t r e s .  In  th e  case where 
th e  o r i g i n a l  o v e r la p  f u n c t io n  is  p o s i t i v e  th roug hou t space  
t h i s  ren lacem en t may be w r i t t e n :
( IB .1 )
A and B a re  th e  o ld  and C and D the  new c e n tre s ;  m, n , and 
r  a re  quantum numbers, where r  -  min (m ,n ) ;  k  and k  a r eC. _y
c o n s ta n ts  and and &  r e p r e s e n t  o r b i t a l  exponents .
C and D a r e  chosen to  l i e  on th e  x - a x i s ,  AB, and t h e i r  
c o o rd in a te s  and i ,  to g e th e r  w i t h  th e  para m e te rs  k,  ^ y
and J a r e  chosen so t h a t  th e  r i g h t  hand s id e  o f ( l B . l )  
reproduces th e  monopole, d i p o l e ,  qu ad ru p le  and o c tu p o le  
moments o f  th e  o r i g i n a l  product: on th e  l e f t .  T h a t I s ,  
i n t e g r a l s  o f  the form
J (IB.2)
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a r e  reproduced up to  ( i f  j  f  k)  * 3 .  The s ix  param eters  
o f  ( I B . l )  a re  thus d e te rm in e d  by th e  e q u a t io n s :
where i s  a s im ple  fu n c t io n  o f  th e  quantum number r .
In  more c o m p lic a te d  cases where th e  o v e r la p  fu n c t io n  
[A,Ml, < > 1  3 ,n ,p^> may v a ry  i n  s ign  i n  d i f f e r e n t  re g io n s  o f  
space, a s im p le  f a c t o r i s a t i o n  le a d s  to  a new p ro d u c t  
| A , p , * >  | B , q , £ >  ( in v o lv in g  lo w er quantum numbers p and q) 
to  w hich th e  above t r e a tm e n t  i s  a p p l ic a b le ,  so t h a t  
th e  s o lu t io n  o f  e q u a tio n s  o f  th e  fo rm  ( I B . 3) i s  always  
a c r u c i a l  s ta g e  i n  th e  a p p l i c a t io n  o f  th e  C ize k  
a p p ro x im a t io n .
I t  i s  found , however, t h a t  the  s o lu t io n s  o f  ( I B . 3) 
a r e  f r e q u e n t ly  complex, i n  which case th e  r e p r e s e n t a t io n  
( I B . 1 )  p ro v id e s  no h e lp  in  th e  e v a lu a t io n  o f  m u l t i c e n t r e  
i n t e g r a l s .  C o n d it io n s  under w hich a t  l e a s t  one o f  th e
-  0 7 » <»> ( I B . 3)
and
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para m ete rs  i s  complex a re  d e r iv e d  b e lo w .
The prob lem  can be s i m p l i f i e d  by choosing the  
o r i g i n  to  l i e  a t  th e  c e n t r e  o f  g r a v i t y  o f  th e  o v e r la p  
d e n s i ty ,  so t h a t  th e  d ip o le  moment <^2^ v a n is h e s . The 
f i r s t  fo u r  e q u a tio n s  o f  ( I B . 3 )  can be so lved  s im u lta n e o u s ly  
to  g iv e
where c o n v e n t io n a l ly  x > x  . x^ and x^  (and a ls o  kv- c c
and k  ) w i l l  t h e r e f o r e  be complex whenever
< l > i s  always p o s i t i v e  b u t  th e  i n e q u a l i t y  ( I B . 5) w i l l  
h o ld  i f  <3> i s  s u f f i c i e n t l y  la r g e  and n e g a t iv e ,  i . e .  i f  
th e  o v e r la p  d e n s i ty  (A,m,<*^> )B ,n ,^ />  i s  le s s  spread out  
a lo n g  th e  bond AB than p e r p e n d ic u la r  to  I t .  T h is  ty p e  o f  
breakdown i s  r e l a t i v e l y  in f r e q u e n t ;  more common is  th e  case  
i n  w h ic h , a lth o u g h  xc , x  , k^ and k^ a re  r e a l ,  a t  l e a s t  one 
o f  th e  exponents V and £ is  im a g in a ry .
( I B . 4)
<i> ( I B . 5)
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C onsider f i r s t  the  case i n  w h ich  <3^ i s  p o s i t i v e .
I t  fo l lo w s  im m e d ia te ly  from  ( I B . 4) t h a t  x c and x  l i e  on 
o p p o s ite  s id e s  o f  the  o r i g i n  and th a t  ke  and a re  both  
p o s i t i v e .  S o lv in g  the  l a s t  two o f  e q u a tio n s  ( I B . 3) f o r  ^  
g iv e s :
C ons id er now th e  case when < 3 >  i s  n e g a t iv e .  I f  
th e  d i r e c t i o n  o f  th e  x - a x i s  i s  chosen so t h a t  <^ 4^ > is  
n e g a t iv e  a ls o ,  th e n  ( I B .4 )  im p l ie s  t h a t  x c , x: and k c
'C/- K  “ x c) ( I B . 6 )
X>r I s  a lways p o s i t i v e  so t h a t , i s  p o s i t i v e  i t  I s
ne ce ss ary  t h a t
( I B . 7)
For b o th  ^  and &  to  be p o s i t i v e  th e  c o n d i t io n  ( I B . 7) i s  
e n la rg e d  to :
a r e  p o s i t i v e  and t h a t  k  i s  n e g a t iv e .  The c o n d i t io n  f o r  
b o th  and £  to  be p o s i t i v e  becomes
(IB.9)
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Should th e  a p p r o p r ia te  c o n d i t io n  ( I B . 8 ) o r  
( I B . 9) n o t  h o ld ,  th e n  a t  l e a s t  one o f  th e  exponents y  
and £  i s  pure  im a g in a r y ,  so th a t  the  C iz e k  a p p ro x im a t io n  
bre aks  down c o m p le te ly ,  because a t  l e a s t  one o f  th e  new 
o r b i t a l s  becomes a t r a v e l l i n g  wave.
I t  i s  w o rth  n o t in g  t h a t ,  to  a f i r s t  a p p ro x im a t io n ,  
i t  i s  expected  t h a t
~  =. o  . ( I B . 10)
*\J C O
Were t h i s  r ig o r o u s ly  t r u e ,  as I t  I s  f o r  an o v e r la p  fu n c t io n  
w ith  a c e n tre  o f  symmetry, im a g in a ry  s o lu t io n s  f o r  th e  
exponents would n e v er  o c c u r . More g e n e r a l ly  ( I B . 10 ) 
suggests th a t  t h i s  breakdown should not occur when th e  
modulus o f  < 3 >  i s  l a r g e ,  b u t  th a t  th e  most v u ln e r a b le  
s i t u a t io n s  w i l l  b e  those n e a r  th e  t r a n s i t i o n  from  
c o n d i t io n  ( I B . 8 ) to  ( I B . 9) where x^ 0 and where  
and a r e  most n e a r ly  e q u a l .
A more d e t a i l e d  a n a ly s is  o f  the  c ircum stances  i n  
w hich the  C iz e k  a p p ro x im a tio n  f a l l s  i s  c o m p lic a te d  by 
th e  need to  in v o lv e  a n a l y t i c a l  forms f o r  th e  two c e n tre  
i n t e g r a l s  d t  does a p p e a r , however, t h a t ,  when
j A ,m ,o ^  and (b , el a re  b o th  I s  S l a t e r  fu n c t io n s ,  
breakdown w i l l  n ever occur; i t  was l a r g e l y  i n  cases o f  t h i s
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type t h a t  C iz e k  dem onstra ted  th e  v a lu e  o f  h is  method.
On th e  o th e r  hand, f r e q u e n t  f a i l u r e s ,  such as those  
d is c o v e re d  " e x p e r im e n ta l ly 1* i n  the  p re s e n t  c a lc u la t io n s ,  
appear l i k e l y  f o r  h ig h e r  S la t e r  o r b i t a l s .
Part II
THE JAHN-TELEER EFFECT IN  ReFfe
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I I . The J a h n - T e l l e r  e f f e c t  i n  ReF^
I I . 1 In t r o d u c t io n
(12  13)The theorem o f  Jahn and T e l l e r  ’ s ta te s  t h a t  
a n o n - l in e a r  s ym m etric a l m o le c u le  i n  an e l e c t r o n i c a l l y  
d e g e n e ra te  s t a te  w i l l  tend  to  d i s t o r t  i n  a t  l e a s t  one 
n o n - t o t a l l y  s y m m e tr ic a l norm al c o o rd in a te  and t h a t ,  as 
a consequence o f  t h i s  d i s t o r t i o n ,  th e  e le c t r o n ic  
degeneracy w i l l  be r e s o lv e d .  As a r e s u l t  two or more 
e le c t r o n ic  p o t e n t i a l  s u r fa c e s  cross a t  th e  sym m etric a l  
c o n f ig u r a t io n .
R e c a l l in g  the developm ent o u t l in e d  i n  th e  main  
i n t r o d u c t io n  to  t h is  t h e s is ,  th e  g e n e ra l  e q u a t io n  
g o vern in g  th e  n u c le a r  w a v e fu n c t io n s  i s ,  i n  terms o f  the  
n o t a t i o n  t h e r e  o u t l in e d ,
The c o u p lin g  i n t e g r a l s  between a g iv e n  p a i r  o f  e le c t r o n ic  
s ta te s  became most im p o r ta n t  i n  c o n f ig u r a t io n s  o f  n e ar  
or a c t u a l  degeneracy . Hence i t  i s  no lo n g e r  a good 
a p p ro x im a tio n  to  t r e a t  th e  t o t a l  w a v e fu n c t io n  o f  th e
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system as a s im ple  p ro d u c t o f  an e le c t r o n ic  fu n c t io n  and 
a n u c le a r  f u n c t io n .  In s te a d  th e  t o t a l  w a v e fu n c t io n  m ust,  
i n  such a r e g io n ,  he w r i t t e n  as a sum o f  such p ro d u cts  
taken  over th e  d eg e n e ra te  e le c t r o n ic  s t a t e s .  Thus
and th e  c o u p lin g  between th e s e  s ta te s  must be in vo ked  
v/hen c o n s id e r in g  th e  n u c le a r  m otions around th ese  
c o n f ig u r a t io n s .  I f  the  s t a b le  e q u i l ib r iu m  geom etry o f  
th e  m o le c u le  i s  n o t f a r  removed from  th e  c ro s s in g  p o in t ,  
th e n  such c o u p l in g  i s  im p o r ta n t  i n  th e  o r d in a ry  v i b r a t i o n a l  
m otions o f  the  m o le c u le ,  and may have a s t r i k i n g  e f f e c t  
on th e  observed v i b r a t i o n a l  spectrum .
The f i r s t  s tage i n  any problem  i s  to  i n v e s t i g a t e  th e  
n a tu r e  o f  t h e  p o t e n t i a l  energy s u r fa c e s  and o f  th e  
e le c t r o n ic  w a v e fu n c t io n s . I f  i t  i s  a n t ic ip a t e d  t h a t  o n ly  
s m a ll  d e v ia t io n s  from th e  s ym m etr ica l arrangem ent w i l l  
be in v o lv e d ,  th e n  i t  i s  c o n v e n ien t to express the  
e le c t r o n ic  fu n c t io n s  ( r ; R )  a t  n u c le a r  c o n f ig u r a t io n  
R i n  terms o f  the se t o f  e ig e n fu n c t io n s  r ; 0 ) o f  th e
( I I . 2)
e le c t r o n ic  h a m il to n ia n
0
c o n f ig u r a t io n ,  so th a t
(II.3)
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I t  i s  assumed t h a t  th e  summation need o n ly  in c lu d e  those
an a p p ro x im a t io n  which i s  v a l i d  f o r  s u f f i c i e n t l y  s m a ll  
d is p la c e m e n ts .
I f  the  e l e c t r o n ic  h a m i l to n ia n  i s  w r i t t e n  I n  th e
form :
where V (R) I s  th e  change i n  the  t o t a l  p o t e n t i a l  energy  
as th e  n u c le a r  c o n f ig u r a t io n  is  moved from R ^ O  to  R — R, 
then  th e  c o e f f i c i e n t s  b (R) i n  e q u a tio n  ( I I . 3) and th e  
c o rres p o n d in g  e ig e n v a lu e s ,  U ( R ) , may be d e te rm in e d  as 
fu n c t io n s  o f  n u c le a r  geom etry by s o lu t io n  o f  th b  s e c u la r  
e q u a tio n s :
where W is  th e  e le c t r o n ic  energy  i n  the  degenera te  
c o n f ig u r a t io n  and
where V °  i s  th e  v a lu e  o f  th e  i n t e g r a l  V when th e  
i n t e r a c t io n s  g iv in g  r i s e  to  th e  J a h n - T e l l e r  e f f e c t  a re
e le c t r o n ic  s ta te s  V' ( r ; 0 )  which a r e  d e g e n e ra te  a t  R — 0,
( I I . 4)
w c -  WO?)) J  Cmvv =
^  t—. ( I I . 5)
( I I .  6 )
I t  i s  c o n ve n ien t to  w r i t e
(II.V)
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s w itch ed  o f f .  V 71  c o n s t i t u t i n g  th e  re m a in in g  c o n t r i b u t i o n . .
Expanding th e  d ia g o n a l elem ent i n  a M a c la u r in
s e r ie s  and n e g le c t in g  term s o f  h ig h e r  th an  q u a d ra t ic  o r d e r ,
I n ( 1 1 . 8 ) t h e  n u c le a r  c o o r d in a te s ,  w h ich  have h i t h e r t o  been  
c o l l e c t e d  i n  th e  symbol R , are  broken down in t o  the  
i n d i v i d u a l  norm al c o o rd in a te s  . The o r i g i n  o f  the  
can always be chosen so t h a t  t h e r e  a re  no l i n e a r  terms  
i n  th e  M a c la u r in  s e r i e s ,  and t h e i r  forms can be chosen to  
a v o id  th e  appearance o f  cross  q u a d ra t ic  terms  
F u rth e rm o re , s in c e  th e  terms w hich  r e l i e v e  th e  degeneracy  o f
th e  Y  a re  r e t a in e d  i n  th e  m a t r ixn >
= - % *  2 :  a ,0 ( I I . 9)
where A  = /"2 k ) ' ’)
I f  th e  i n t e r a c t io n s  g iv in g  r i s e  to  the J a h n - T e l l e r  e f f e c t  
a re  r e l a t i v e l y  weak, as th e y  must be i f  the  expansion
( I I . 3) f o r  th e  e le c t r o n ic  fu n c t io n s  i s  to  be u sed , then  
th e  M a c la u r in  s e r ie s  f o r  th e  elem ents may be t r u n c a te d  
a f t e r  terms w hich  a r e  l i n e a r  i n  th e  Q . I t  i s  i n  any case  
c o n v e n t io n a l  t h a t  th e  ph rase  uJ a h n - T e l l e r  e f f e c t ” 
encompasses o n ly  such te rm s . Thus
\J1T ^ ^  /? (11.10)
^  0
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Since th e  e le c t r o n ic  fu n c t io n s  ¥ ^ ( r ; 0 )  a r e  in dependent o f  
th e  Q , i t  fo l lo w s  t h a t
F o r  any g iven  m o le c u la r  symmetry and c la s s  o f  e le c t r o n ic  
degeneracy , th e  w hich g iv e  r i s e  to  non zero  c o u p lin g
m a t r ix  V*1**". I f  the  expans ion  ( I I . 3) i s  v a l i d  th roug hou t  
the  range o f  c o n f ig u r a t io n s  which concern th e  v i b r a t i o n a l  
m otions o f  th e  m o le c u le ,  th e  ^  a r e  g iven  s im p ly  by th e
e x p e r im e n ta l  f o r c e  c o n s ta n ts  d e r iv e d  from  th e  v i b r a t i o n a l  
spectrum . Thus
— ^  £  /** 4—1-v ^  *-3 w t n  /*\ -r* 4-  7-~i /*v T T *  "V-\ V lo  4 - A /—iV-\ Trrl-^i A*S r i
I f  in d eed  th e  J a h n - T e l l e r  d i s t o r t i o n  is  s m a l l ,  the  
most s t r i k i n g  consequences appear I n  th e  v i b r a t i o n a l  m otions  
of th e  m o le c u le ,  w h ich  coup le  to g e th e r  th e  d i f f e r e n t  
e le c t r o n ic  s t a te s ,  le a d in g  i n  p a r t i c u l a r  to  an anomalous
i n t e g r a l s  ( 1 1 .1 0 )  have been documented.
The s o lu t io n  o f  th e  s e c u la r  e q u a t io n  ( I I .5 )  r e s t s  
on th e  e v a lu a t io n  o f  th e  and o f the  e lem ents  o f  th e
(11.12)
observed s p e c t r a l  f req u e n c y  i s  4^0 sec*. The e v a lu a t io n  o f  
V ^ 1* thus re p re s e n ts  th e  l a r g e s t  o b s ta c le  to  the c a l c u l a t i o n
v i b r a t i o n a l  spectrum . The t o t a l  w a v e fu n c t io n  may be  
w r i t t e n  as
where th e  sum, as i n  ( I I . 3) i s  o v er  the  d e g e n e ra te  
e le c t r o n ic  fu n c t io n s  o f  the  s y m m e tr ic a l geom etry . The 
coup led  e q u a tio n s  f o r  the  n u c le a r  fu n c t io n s  then ta k e  th e  
form :
and may be s e t  up im m e d ia te ly .  I t  can be shorn t h a t  th e
r a t h e r  th a n  th a t  o f  ( I I . l ) ,  i n  terms o f  th e  in s ta n ta n e o u s  
t r a n s fe r s  th e  burden o f  th e  c a l c u l a t i o n  from  
k i n e t i c  to  p o t e n t i a l  e n erg y .
Rhenium h e x a f lu o r id e  i n  an o c ta h e d r a l  c o n f ig u r a t io n
/Mi (64)i s  i n  a f o u r - f o l d  d e g e n era te  ( j j , ) e le c t r o n ic  s t a t e ,
and w i l l  t h e r e fo r e  e x h ib i t  th e  J a h n - T e l l e r  e f f e c t .  The
c a lc u la t io n s  here  d e s c r ib e d  a re  aimed a t  a c h ie v in g  a
measure o f  th e  d i r e c t i o n  and e x te n t  o f  th e  e f f e c t  I n  th is
c ase . One reason f o r  t h i s  c a l c u l a t i o n  i s  t h a t  f e a tu r e s  o f
th e  ReFy v i b r a t i o n a l  spectrum have been a s c r ib e d  to  th e  ©
(11.13)
(11.14)
use o f  t h i s  fo rm a lis m , I n  term s o f  th e  f i x e d  ^ ( r ; 0 ) ,
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in f lu e n c e  o f  th e  J a h n - T e l l e r  e f f e c t .
I n  the homologous h e x a f lu o r id e  o f  tu n g s te n  th e r e  a re
s ix  va len ce  e le c t r o n s  on th e  c e n t r a l  atom which may be
a ss ig n ed  to  the  W-F bonding o r b i t a l s .  The m o lecu le
i s  o f  r e g u la r  o c ta h e d r a l  geometry and has th e  c h a r a c t e r i s t i c
v i b r a t i o n a l  spectrum . (^65) ReF^ has an e x t ra  v a le n c e  e le c t r o n
on. th e  c e n t r a l  atom and t h i s  is  assigned to the  non-bonding
rhenium  5d- o r b i t a l ,  le a d in g  i n  th e  o c ta h e d r a l
0
arrangement to a f o u r - f o l d  degeneracy when s p in  o r b i t  c o u p l in g  
i s  taken  in t o  acco unt. The c o u p l in g  te rm s , vJ’J ,. g iv in g  
r i s e  t o  the J a h n - T e l l e r  e f f e c t  i n  t h is  case a r is e  
p r i n c i p a l l y  from  th e  s e n s i t i v i t y ' to  the  n u c le a r  geometry  
o f  the  d is p o s i t io n  o f  th is  s in g le  e le c t r o n .  I n  t h i s  
c a lc u la t io n  i t  i s  assumed t h a t  th e s e  terms a r i s e  s im p ly  
from  the e le c t r o s t a t i c  i n t e r a c t i o n s  between t h i s  non- . 
bonding  e le c t r o n  and the  bonded f l u o r i n e  atom s. The. 
i n t e g r a l s  V7T thus denend o n ly  on the c o o rd in a te s  o f  al*\*\ ~
s in g le  e le c t r o n ,  w h ich  i s  a f u r t h e r  encouragement f o r  
c o n s id e r in g  t h i s  p a r t i c u l a r  case .
The course o f  th e  work may be b r i e f l y  summarised.
The e l e c t r o n i c a l l y  d eg en era te  s ta te s  o f  o c ta h e d r a l  ReF^ 
a re  d iscu s se d  and th e  norm al c o o rd in a te s  which c o n t r ib u t e  
to  VT r a re  enum erated. An a n a l y t i c a l  form i s  p o s tu la te d
II.1
f o r  the e l e c t r o s t a t i c  i n t e r a c t i o n  p o t e n t i a l  between the  
non-bonding e le c t r o n  and the  f l u o r i n e  atoms and th e  
n ec ess ary  i n t e g r a l s  (1 1 .1 1 )  a r e  e v a lu a te d  u s in g  p o s tu la te d  
param eters  g o vern in g  the  s iz e  o f  th e  Re 5 d - o r b i t a l ,  th e  
io n ic  c h a r a c te r  o f  the R e-F  bond and the  e x te n t  o f  sp- 
h y b r id is a t io n  o f  th e  bonding F o r b i t a l s .  The r e s u l t s  
a r e  r e l a t i v e l y  i n s e n s i t i v e  to  re a s o n a b le  cho ices  o f  
th e s e  p a ram eters  and a re  i n  good agreement w i t h  the  
la r g e  s p l i t t i n g  observed i n  the  band o f  th e  v i b r a t i o n a l  
spectrum . A v e ry  s m a ll  (^O .O O bX  ) t e t r a g o n a l  d i s t o r t i o n  
from  o c ta h e d r a l  geometry I s  p r e d ic t e d .
11+2 The de g en e ra te  w a v e fu n c tio n s  i n  an o c ta h e d r a l  f i e l d
The e l e c t r o n i c  s t r u c tu r e  o f  o c ta h e d r a l  t r a n s i t i o n
m e ta l  h e x a f lu o r id e s m a y  be env isaged  i n  th e  f o l lo w in g  way.
Each fluorine atom contributes a 2s2p <T-hybrid atomic
o r b i t a l  and a s in g le  e le c t r o n  to  the bo n d in g . L in e a r
com binations  o f  th e s e  s ix  f l u o r i n e  o r b i t a l s  may be
c o n s tru c te d  to  g iv e  one group o r b i t a l  o f  symmetry a .  ,
<3
two o f symmetry e„ and t h r e e  o f  symmetry t  . These I n t e r a c t ,
3 *
r e s p e c t iv e ly ,  w i th  th e  c e n t r a l  atom 6 s , 5d^, 6p*>
6py and 6p o r b i t a l s ,  y i e l d i n g  a s e t  o f  s ix  bonding
<7
o r b i t a l s  and s ix  a n t ib o n d in g  o r b i t a l s .  The m e ta l  5d ,
165 II.2
5d  ^  ^ and 5d^x o r b i t a l s ,  o f  symmetry t ^ ,  a r e  n o t  in v o lv e d
111 th e  b in d in g .  The s ix  bonding o r b i t a l s  a re  expected
to l i e  lo w e s t i n  e n erg y , fo l lo w e d  by the  non-bond ing
le v e ls  a.nd th e n , a t  a somewhat h ig h e r  energy , th e  e^
<r
a n t ib o n d in g  l e v e l s .  In  th e  ground s t a t e  o f  ReF. a c c o rd in g
to  th is  p i c t u r e ,  th e  s ix  bonding o r b i t a l s  a re  f u l l y
occup ied , le a v in g  a s in g le  e le c t r o n  occupying the
d eg en era te  t  - l e v e l s .
I n  t h e r e  w i l l  a ls o  be c o u p lin g  betw een th e  s p in
and. o r b i t a l  a n g u la r  momenta o f  th e  non bonding  e le c t r o n .
Spin o r b i t  c o u p l in g  e f f e c t s  in c r e a s e  i n  m agnitude th ro u g h
the  p e r io d ic  t a b le  as th e  square  o f  th e  a tom ic  number and
a re  f a r  from  n e g l i g i b l e  i n  th e  t h i r d  row t r a n s i t i o n  m e ta ls .
The s ix  s p in  o r b i t  s ta te s  a r i s i n g  from  th e  s t a t e  a re
s p l i t  in t o  an upper d o u b le t  and a lo w er q u a r t e t .  In  th e
ground s t a t e  ,  o c ta h e d r a l  ReF^ I s  t h e r e f o r e ,  f o u r f o l d
d e g e n e ra te ,  b e lo n g in g  to  th e  r e p r e s e n ta t io n  J”^ . o f  the
/ 0 y ^
extended o c ta h e d ra l  p o in t  group OJT • T h is  q u a r t e t  o f
s ta te s  c o r r e la t e s  w i t h  th e  le v e ls  o f  th e  I s o l a t e d
atom and may c o n v e n ie n t ly  be w r i t t e n  i n  terms o f  th e  d ,
7
d and d^ o r b i t a l s  as
\ H . / ’ -  ( t  -<■
H l> ?  +
and. ' , / £  O ' * * / f ?  + i h * y / >) ,
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where cC. an d ^  re p r e s e n t  th e  s p in  fu n c t io n s  i  and i n ^ - i  
r e s p e c t i v e l y . T h is  ass ignm ent, and i n  p a r t i c u l a r  th e  
v a l i d i t y  o f  t r e a t i n g  th e  s p in  o r b i t  i n t e r a c t i o n  as a 
p e r t u r b a t io n  o f  th e  c r y s t a l  f i e l d  s t a t e s ,  i s  based on an 
a n a ly s is  o f  the  e le c t r o n ic  spectrum  o f  ReF^ . ( 6 4 )
I I . 5 The J a h n - T e l l e r  a c t i v e  modes o f  v i b r a t i o n
The i n t e g r a l s  ra n g in g  over th e  fu n c t io n s  (1 1 .1 5 )
can e a s i l y  be expressed i n  terms o f  s i m i l a r  i n t e g r a l s  
over th e  s im p le  , d ^  and d ^  o r b i t a l s .  The norm al  
c o o rd in a te s  w h ich  c o n t r ib u t e  to  th e  J a h n - T e l l e r  e f f e c t  
a re  t h e r e f o r e ,  by ( 1 1 .1 1 )  r e s t r i c t e d  t o  f o r  w hich
•=£ 0  , ( I X . I S )
where m and n range o ver th e  t 2 f u n c t io n s .  F o l lo w in g
(12)
th e  o r i g i n a l  arguments o f  Jahn and T e l l e r  non z e ro
c o n t r ib u t io n s  a r is e  o n ly  f o r  those  w h ich  belong to  
i r r e d u c i b l e  r e p r e s e n ta t io n s ,  o f  th e  o c ta h e d r a l  p o in t  group, 
0 ^ ,  c o n ta in e d  i n  th e  symm etrised p ro d u c t  o f  T ^  w i t h  i t s e l f .  
Now
so t h a t  th e  uv i b r o n  i c a l l y  active** Q,  ^ a re  the  t o t a l l y  
symmetric v i b r a t i o n  Q4 , and the  modes Q and w hich  
a re  doub ly  and t r i p l y  d e g e n e ra te  r e s p e c t i v e l y .  These
167 I I . 3
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v ib r a t io n s  a re  i l l u s t r a t e d  i n  f i g u r e  I I .  1 .  I t  i s  
a p p a re n t  th a t  and Q in v o lv e  changes i n  bond le n g th s ,  
w h i le  o in v o lv e s  changes i n  bond a n g le s .S’ ° °
The non zero  i n t e g r a l s  ( 1 1 . 1 6 ) ,  which a r e  i n t e r r e l a t e d  
by symmetry, may be expressed i n  term s o f  th re e  c o n s ta n ts  
k j , and k , d e f in e d  by
The c o n s ta n ts  k, , k ^  and k^ a re  most c o n v ie n t ly  expressed  
i n  terms o f  b a s ic  i n t e g r a l s  in v o lv in g  the i n t e r a c t i o n  w i t h  a 
s in g le  f l u o r i n e  atom. I f  v ( x , y , z )  I s  th e  p o t e n t i a l  between  
th e  non bonding e le c t r o n  and a s in g le  f l u o r i n e  atom a t  th e
(1 1 .1 8 )
and
and when taken  over the H  s ta te s  ( 1 1 . 1 5 ) ,  the  m a tr ix  o f  
VTT becomes
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point (x,y,z), then simple symmetry considerations show 
that
~{j2 > (11.20)
and ^ ( ^ Q 1 **> bp* *«)
where v^ and v^ are the appropriate derivatives of the 
function v and is the equilibrium bondlength in the 
absence of the Jahn-Teller interactions. Furthermore
^ I ^ ( ° , o , £ o ) l * x > >y^ L (11.21)
lxo
so that only four basic two centre integrals are required. 
These are
^  = < y  I ^  (°a  *01 y  > 'i
<  (II.22) 
uv  ~  ^°" ^ °/ °>^ »)i y h
and x>t5i =■ <l*| ^ <?0)|ax> .
In terms of these quantities the coupling constants 
and k become
*, = J l f ' V ' h O ,
t-i - ir (vi*~ uy'' i
„ /, - >- , u -ml \ (11.23)and fey .
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II. 4 Calculation of the integrals _
The evaluation of the integrals (11.22) requires 
expressions for the electrostatic potential due to the 
fluorine atom on the positive z-axis and for the 
rhenium 5d-orbitals.
If the bonding were completely Ionic the electrostatic 
fluorine potential would closely approximate that of a 
fluoride ion, for which an analytical expression, derived 
from self consistent field calculation^?.^ available. (^9)
In order to correct for covalency, the bonding fluorine 
orbital Is assumed to be a hybrid 2s2p Slater-type function 
with exponent c. Thus
where h Is a hybridisation parameter (h=0 corresponds to a 
pure s-orbital and h=l to a pure p-function) • The angle oc 
is measured from the F-Re bond. The electrostatic
where completely covalent and totally ionic situations 
correspond to g-0 and g&l respectively. On substituting 




integration In (11.25) the following expression is 
obtained;
'(''f f t  "*hH~Zc 1  *■ c%  +
r (11.26)
v 2C *e*
The radial part for the rhenium 5d-orbitals is taken 
in Slater-type form:
I &.> t (11.27)
Since the true radial variation of these functions is 
uncertain the exponent p Is varied widely about the value 
p*l. 4 estimated by Slater’s rules.
Because of the terms In r'1, and r~* In the expression
(11.26) for v, the two centre integrals (11.22) are best 
computed numerically. Gaussian quadrature using
confocal ellipsoidal coordinates was adopted, with an 
integration grid whose mesh was reduced until the desired 
accuracy was obtained. The integrals v^  and ^  
which involve the derivative of v, with respect to the 
z-coordinate of the fluorine atom on which it is centred, 
are best performed by carrying out the differentiation
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after transforming to ellipsoidal coordinates. The bond 
length in equations (11.22) was taken as 1.830A, 
the observed internuclear distance in VJF .(^0)
II.5 Results and discussion
The measurable consequences of the Jahn-Teller effect 
fall into two categories. In the static aspect the form of 
the lowest potential surface determines the (distorted) 
equilibrium geometry of the molecule. In the dynamical 
problem the coupling between the surfaces induced by the 
nuclear motions determines the vibrational spectrum of 
the molecule.
Once the integrals (11.22) have been evaluated it is 
possible to set up the secular equations, (II.5), whose 
eigenvalues determine the 'electronic potential surfaces. 
Thus, in matrix notation,
= u c . t (II>28.
where 0 Is the matrix of eigenvectors and U is that of
eigenvalues; V TT is constructed from (11.19) and Is the
unit matrix. The potential surfaces in this situation
(71)
have been derived by Moffitt and Thorson. They
correspond to two Kramer doublet levels whose energies may
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be written
u = we * i(At<?*+4a-tyiJ1] + <£?,tJJy74iR?) (Ix>29)
w h e r e  r 1 =  f i £ *  < *£  £ * =  <3?  ^+ + ^  .
if 4 / / ^  >  /U,. the minima lie at
6?V= - 4 A  , = (&rlAs- ) (11.30)
where - W c - ^  ^
On the other hand,, when A%/A? <■ ^  />lz) the minima lie at
(11.31)
where - t  ^  ‘  I x z )
In the latter case, where the asymmetric distortion Is in
(72)the Q mode, it has been shown that any quadratic
coupling terms (neglected in this work Xvill cause the 
absolute minimum to lie in Qn rather than in the 0o y2.<^ \r
component.
(73)It can be shownv ' that the vibrational consequences
of the Jahn-Teller effect depend on the dimensionless ratio 
thI) i to the i vibrational quantum, of the depression of 
the energy minimum caused in that mode. Thus
o- -y<- ^ (H.32)
The force constants required in equations (11.29- 
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£g-755 cnf( , S70 cm' and 0^-295 cnT* . Of these
(65)Is taken direct from the Raman spectrum but and 
are interpolated from the sequence WF, , IrF^ and PtF^ ^*^5) 
because the observed Rel^ frequencies are dependent on 
the Jahn-Teller effect. These spectra have been reviewed
4- 1 ^  ( 6 5 )at length.
In the results, collected in table II, a value of 
2.425 has been used throughout for the fluorine bonding 
orbital exponent c. This value is in accordance with 
Slater1 s rules and In one case the choice c-2.6 was found 
to alter the calculated coupling constants by only about 
2/i>f so that the accuracy of this choice does not appear to 
be crucial. On the other hand the t^ orbital exponent, 
p, is varied widely, though the extreme values of 1.0 and
2.5 appear unrealistic when the corresponding orbital 
maxima, at 2.121 and 0.851 respectively, are compared 
with the molecular dimensions (Re-F^-1.8l).
Horizontally, the table is divided into three sections. 
The first two correspond to purely covalent binding (g-0), 
using 2p- and 2s- fluorine orbitals respectively, and in 
each case varying the rhenium exponent p over a wide range.
It appears that the hybridisation of the fluorine orbital 
has little influence on the results, though significant
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variations do occur on changing the rhenium exponent.
Order of magnitude consistency is however maintained, 
especially over the physically reasonable range 1.4<ps2.0, 
The effect on the results of a gradual introduction of bond 
polarity is shown in the last section of the table, where 
g is the charge transferred to each fluorine atom and the 
rhenium exponent is at each step derived, by applying
thereby taking account of the Increasing effective nuclear 
charge of the central atom. The increasing ionic charactero o
appears to have little influence on the magnitude of , 
but to cause a rapid diminution of D, and D , both of 
which pass through zero before g -  0.4. Since the 
positive charge on the central atom is 6g it is unlikely 
that g will exceed 0.3.
The calculated ecp. ilibrium geometry of the molecule 
may be derived by superimposing the atomic displacements 
4 Q , a n d  on to the unperturbed (WF^  ) geometry. The 
predicted values of these displacements and an explanation 
of the symbols are given in the table. It is apparent that 
neither 0. nor Q, distortions predominate over the entire 
range of values of p. A small degree of ionicity tends to
Slater’s rules to the configuration Re Sd,1 F 5d^L.
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favour Q^, however, and a distortion in this mode seems 
the more likely. In order of magnitude, therefore, it 
seems probable that there will be a net decrease in 
bondlength (^O.OlA) compared with WP^ and that superimposed 
on this will be a small tetragonal distortion corresponding
O
to a change in the equatorial bondlength of */0.005A.
Since the mean amplitude of vibrational motion in the ReP 
bonds is of the order of 0.02A, it appears improbable 
that the net asymmetry would be detectable.
The influence of the Jahn-Teller effect on the 
vibrational spectrum, however, is more striking. The 
displacement does not reduce the molecular symmetry, nor 
relieve the electronic degeneracy. It marks only the 
influence of the non bonding electron on the net stability 
of the molecule. The values of D,^  and D , however, 
determine the expected splitting in the ^  and ^ bands in 
the Raman spectrum. If k^«k^ or if it is assumed that 
the vibrational interactions in and Q^may be treated 
separately, then the vibronic problem in reduces to 
that treated by Longuet-Higgins and others^~) and the 
predicted splittings At^ quoted in the last column are
derived from their tables of energy levels. An experimental
u (65)
value of 168 cm has been reported for this splitting,
and this figure is in reasonable agreement with values
178 II.5
calculated for 1.4£ps2.0. The necessary data is not 
available for a similar estimate of the structure of the^ 
band.
This calculation is of necessity rather crude. It 
does, however, show that a simple electrostatic interaction 
accounts for the observed anomalous Jahn-Teller splitting in 
the band of the spectrum of ReF^ . It also predicts 
that the net geometric distortion will be very small, a 
conclusion which is susceptible to test. In this 
straightforward electrostatic approach no allowance has 
been made for the Pauli exclusion effects which were 
shown to be of such significance in the calculation in part I. 
This omission should be relatively unimportant here as the 
trt rhenium orbital expressions have nodes in the 
octahedral directions, and are thus of small amplitude 
within the fluorine cores, and overlap in any case only 
with the occupied fluorine 2p^orbitals. Neglect of such 
other factors as exchange should be entirely justifiable 
within the framework of this calculation, since the 
fundamental uncertainties in the detailed electronic 
distributions restrict the reasonable objectives of the 
work to a demonstration of the applicability of Jahn-Teller 
theory to ReF^ and an order of magnitude estimate of the
179 II.5
detailed effects. A more precise calculation would 
require a very much more elaborate treatment of the 
problem. The results of this work have been published (77)
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